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PREFACE 

This  text  has  been  assembled  to  aid  technicaj  students  in  bridg- 

ing the  gap  between  the  point  (a)  where  they  have  a   fairly  com- 
plete knowledge  of  the  fundamentals  of  mathematics^  mechanics, 

and  machine  design  and  (b)  the  point  where  they  are  sufficiently 

familiar  with  the  application  of  these  fundamentals  to  the  design 

of  aircraft  engines  to  enable  them  to  be  of  value  to  the  aircraft- 
engine  building  industry. 

Usually  students  entering  this  field  of  study  are  totally  lacking 

in  the  experience  so  essential  to  deciding  a   logical  order  of  proce- 

dure of  engine  design.  They  also  lack  the  accumulated  informa- 
tion upon  which  experienced  designers  can  call  for  making  the 

innumerable  assumptions  that  .must  precede  or  parallel  the 

analyses  of  various  parts.  Hence,  an  outline  of  procedure  and  a 
considerable  accumulation  of  more  or  less  rational  data  have  been 

included.  However,  it  is  pointed  out  that  although  the  Suggested 

Design  Procedure  is  one  way  of  carrying  through  the  analysis, 

it  is  not  the  only  way,  or  even  the  best  possible  way  in  a   particular 

instance.  Students  are  usually  encouraged  to  select  a   ̂^con- 

ventionaU’  type  of  engine  for  a   first  design  because  there  are 

more  signposts’^  to  guide  them,  but  this  should  not  be  mis- 
interpreted as  implying  a   negative  attitude  toward  new  ideas  and 

possible  improvements  over  present  practice.  Rather,  it  is  based 

on  the  belief,  founded  largely  on  teaching  experience,  that  a 

student  cannot  very  well  design  an  improved  or  unconventional 

engine  until  he  is  familiar  with  the  shortcomings  and  weaknesses 

of  conventional  engines. 

The  author  is  greatly  indebted  to  the  various  stated  sources  for 

illustrative  data,  and  in  each  case  he  has  endeavored  to  give 

proper  credit.  The  author  is  also  indebted  to  G.  D.  Angle, 

P.  M.  Heldt,  various  staff  technicians  at  Wright  Field,  the 

NAG  A,  the  engine  industry,  and  his  associates  at  Purdue, 

particularly  Dean  A.  A.  Potter,  Prof.  G.  A.  Young,  and  especially 

Prof.  K.  D.  Wood  for  valuable  suggestions,  criticisms,  and 
assistance. 

Lafayette,  Indiana,  JosnPH  LiSTON. 

April,  1942. 
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AIRCRAFT  ENGINE  DESIGN 

CHAPTER  1 

REQUIREMENTS,  POSSIBILITIES,  AND  LIMITATIONS 

1-1,  Sources  of  Power. — The  source  of  power  for  all  present- 

day  aircraft  is  the  internal-combustion  engine.  So  far,  this 

type  of  prime  mover  is  the  only  on^e  that  has  proved  capable  of 

meeting  all  the  exacting  requirements  of  powered  flight  success- 

fully. Other  prime  movers  such  as  steam  plants  have  been 

considered  and  even  tried  experimentally  in  a   few  instances,  but 

none  has,  to  the  writer’s  knowledge,  survived  to  the  production 
stage. 

1-2.  Basic  Requirements  and  Limitations. — Some  of  the  more 
important  basic  requirements  of  the  airplane  engine  are 

1.  Adequate  power. 

2.  Very  low  weight-power  ratio. 
3-  High  specific  power  output. 

4.  High  thermal  efficiency. 

5.  Compactness, 

6.  Reliability  and  long  life. 
7-  Relative  ease  of  maintenance. 

8.  Reasonable  initial  cost. 

9.  Ability  to  operate  under  adverse  conditions. 

Considering  these  items  briefly: 

1.  Historians  now  generally  agree  that  the  first  successes  in 

powered  flight  were  delayed  several  years  because  of  lack  of  a 

suitable  engine.  Present  large  aircraft  designers  are  continually 

clamoring  for  more  and  more  powerful  engines.  Reductions  in 

parasite  drag  have  contributed  markedly  to  the  improvements 

in  i:)erformance  attained  during  the  last  10  years,  but  further 

improvement  from  this  source  appears  to  be  following  thc^  law 

of  diminishing  returns. 
1 



2 AIRCRAFT  ENGINE  DESIGN 

The  power  necessary  for  any  given  proposed  airplane  is 

usually  determined  from  an  estimate  of  parasite  drag,  combined 

with  wing  drag  and  propeller  chai*acteristics.  This  enables  the 

designer  to  estimate  the  brake  horsepower  necessai'y  for  the 
maximum  speed  at  which  he  desires  to  fly. 

From  the  fundamental  relations  of  drag,  velocity,  horsepower, 

and  propeller  efficiency,  the  maximum  brake  horsepower  required 

for  any  given  airplane  may  be  expressed  by 

P   = 

D   XVrr ) 
2 

T 

37577 

where  P   ==  brake  horsepower  needed  at  Tmux. 

D   ==  drag,  lb. 

Cd  =   coefficient  of  drag  ffor  the  entire  airplane), 

p   =   mass  density. 

/S  =   a   representative  area  (usually  the  wing  area)  eoi’~ 

responding  to  C/>. 

Vmax  ==  maximum  speed  of  the  airplane,  m.p.h, 

7}  ==  propeller  efficiency. 

Letting  S   =   /,  the  total  equivalent  flat-plate  ai*ea  of  the  airplane 

(=  /parasite  +   /wins  profue)  of  =   unit3q  assuming  standard  density, 

and  collecting  constants, 

At  maximum  speed,  the  wings  will  be  at  or  very  near  an  angle 

of  attack  at  which  the  wing  drag  is  a   minimum.  If  thf?  cor- 

responding wing-drag  coefficient  is  inereascMl  to  unity,  the  drag 

equation  will  still  hold  if  S   is  decrease<l  b^^  tlH‘  inveu'se  ratio. 

The  new  value  of  area  is  called  flat-plate  area  of  minimum  wing- 

profile  drag  and  may  bo  designated  In  symbols, 

or C Jj  ruin  _ 

C'/.(=  1) 

from  which 

“   C   l>  mia  X   ̂ 



REQUIREMENTS,  POSSIBILITIES,  AND  LIMITATIONS  3 

Since  the  minimum  difeg  coefficient  of  most  airfoils  is  very  near 

0*01,  ==  0.01/3,  approximately.  Then  for  estimating  power 

requirements,  * 

where  P   =   brake  horsepower  needed  at  Fmax- 

Sv  =   square  feet  of  parasite  fiat-plate  area  of  C   1.0. 

/S  =   wing  area,  sq.  ft. 

rj  =   propeller  efficiency. 

T'max  =   maximum  speed  of  the  airplane,  m.p.h. 

Example. — A   company  plans  to  develop  an  engine  for  military  student- 
training planes  of  the  following  general  characteristics:  Well  streamlined 

biplanes  with  retractable  landing  gear  and  cowled  engines,  2,500  to  3,500  lb. 

gross  weight,  wing  loadings  around  12  td  16  lb.  per  sq.  ft.,  and  top  speeds  of 

130  to  140  m.p.h.  Approximately  what  rated  engine  horsepower  should  the 

company  design  for? 

Solution. — Assuming  mean  values, /S  ==  3,000/14  =   214  sq.  ft.y/jj  =   about 

6   sq.  ft.  (Fig.  1-1),  and  tj  will  probably  be  about  80  per  cent.  Therefore 

^   6   4- 0.01  X   214  /   140\3 
^   — 0:1   (so)  “ 

Correlation  of  brake  hc^sepower,  wing  area,  and  maximum 

speed  for  existing  planes  can  be  used  as  a   basis  of  estimating 

brake  horsepower  necessary.  This  has  been  done  for  68  Ameri- 

can airplanes  (Fig.  1-2).  These  planes  included  all  types  from 

light  sport  planes  to  large  flying  boats,  and  as  is  indicated  in 

the  figure,  fair  correlation  exists.  The  slope  of  the  mean  line 

(Fig.  1-2)  is  2.56,  and  from  its  equation 

P   =   (1-3) 

where  the  symbols  are  the  same  as  in  Eq.  (1-2).  Equation  (1-3) 

is  useful  in  approximating  the  maximum  brake  horsepower,  but 

Eq.  (1-2)  is  more  accurate  and  should  be  used  when  J-p  and  rj 
are  known  or  can  be  determined. 

2.  The  weight-power  ratio  is  an  important  criterion  to  the 

value  of  an  engine  for  airplane  use.  Figure  1-3  shows  the  wcight- 

*   Equation  (1-2)  gives  reasonably  close  values  c)f  brake  horsepower,  but 

some  additional  minor  factors  should  be  considered  for  pre(use  (‘alculations. 

See  reference  1,  Chap.  1,  reference  2,  p.  122,  and  N ACA  l^cch.  Kept.  408. 



AIRCRAFT  ENGINE  DESIGN 

power  ratios  for  36  repi'esentative  Anerican  engines.  Th(3 

position  of  any  given  engine  with  respect  to  the  mean  line  may 

be  taken  as  a   measure  of  the  degree  of  excellence  of  the  design. 

However,  excessively  low  weight-power  ratios  are  usually 

O   1000  2000  3000  4000  5000  6000  7000  8000  9000  10,000 
Gross  weighty  lb- 

Fig.  1-1. — Flat-pUite  ocpii valent  of  parasites  druK  of  airpiaiu'S. 
Class  1.  Cantilever  monoplane  with  retracta)>le  ehassi.s,  fuH<*Ia|L'e, 

well-cowled  engine,  and  no  external  l>racing. 

Class  2.  (a)  Cantilever  or  wire-liraced  monoplane  wif.lr  can til<*v(*r  or  wirc- 
braced  chassis,  wheel  pants,  streamlined  fiistUage,  tmgine  cowl  or  ring.  (6) 

Biplane  or  externally  braced  monoplane  witli  retra<d.ahle  chassis,  streamlim* 
fuselage,  engine  cowl  or  ring. 

Class  3.  Biplane  or  externally  braced  monoplane  with  Htrt*amlin<r  fuHelag<‘, 
engine  cowl  or  ring. 

Class  4.  Airplanes  having  excessive  parasite  drag.  {From  FivU  ArrfHuiuficn 
Manual  04.) 

attained  either  with  the  aid  of  very  higii  octanci  fuc^ls  or  at  a 

sacrifice  in  operating  life.  For  exainphb  ra(*ing  (‘iigiiu^s  have 

very  low  weight-power  ratios,  but  thc^y  nKiuin^  spc^cial  fuels  and 

usually  have  a   very  short  life  IxdAvcHui  <>vc‘rhauls. 

Nevertheless,  it  is  essential  that  the  wciight  b(‘  low,  as  additional 

plane  weight  sirnpfy  means  loss  useful  load.  Figure  1-4  shows 
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the  weight  of  engines  iri  terms  of  gross  weight  of  the  plane  for 

22  American  aircraft  in  the  gross  weight  range  between  1,000 

Mdxfmum  speed, m.p.h. 

Fig.  1-2. — Variation  of  maximum  speed  with  brake  horsepower  per  square  foot 
,   of  wing  area  for  68  American  airplanes. 

0   100  200  300  400  500  600  700  800 

Brotke  horsepower 

Fig.  1 -3-— Specific  woiglit  for  36  Ain<M*ican  airci*aft  (Migines. 

and  4,000  1}>.  44i(‘  jxjvvm*  loadings  for  tyinc‘al  American  air])lan('S 

in  the  1,000-  to  4,000-11).  class  are  shown  iii  Fig.  1-5. 



6 AIRCRAFT  ENGINE  DESIGN 

The  effect  of  power  loading  on  maximum  speed  is  shown  in 

Fig.  1“6.  Points  well  below  the  trend  line  are  evidence  of 

ineffective  aerodynamic  cleanliness.  Points  far  above  may  be 

due  to  unusually  good  streamlining  or  to  excessive  optimism 

on  the  part  of  the  manufacturer. 

3.  From  the  relation  b.hp.  =   Pj?Z/yiJV'en/33,000,  it  is  apparent 
that  power  output  is  a   function  of  size,  speed,  and  pressure. 

Gross  weight,  lb. 

Fia.  1“4. — Proportion  of  engine  weight  to  gross  weight  for  22  Aineri{nin  airplanes 
in  the  1,000-  to  4,0a0-lV>.  class. 

24 

J-22 
fezo 
Ql. 

14 
12 

10 

8 
1000  1500  2000  2500  3000  3500  4000 

Gross  weiqht.  Ib. 

Fio.  1-5. — Power  loadings  for  22  American  airplanes  in  the  1,000-  to  4,000-lh. 
•   class. 

Rigid  weight  limitations  obviously  control  tho  size  of  engine 

that  may  be  used,  and  the  speed  is  limited  very  largely  by  the 
propeller  eflRcicncy.  Reduction  gears  may  l)c  uscmI  wh<‘re  tho 
added  complexity  and  cost  per  horsepower  is  warranterl.  With 

reduction  gearing,  speed  limitations  are  imposed  Ijy  the  valve 
gear  and  by  crankpin  loa<lings.  Increase  in  the  effective  work- 

o 
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REQUIREMENTS,  POSSIBILITIES,  AND  LIMITATIONS 

ing  pressure  is  one  of  the  most  valuable  methods  of  increasing 

the  specific  power  output.  Some  increase  in  b.m.e.p.  (==  Pb) 

can  be  obtained  by  increasing  the  compression  ratio  (Fig.  1-7^). 

Greater  increases  are  possible  by  supercharging  (Fig.  1-7^).  The 

70  90  110  130  150  170  190  210 
Maxirnum  speed, m.p.h . 

Fig.  1-6. — Power  loading  vs.  maximum  speed  for  22  American  airplanes. 

Fro.  1-7A. — EiETect  of  compression  ratio  on  performance.  {S.A.E.  Journal^  Y ol. 
41,  No.  4,  October,  1937.) 

limits  on  both  of  these  methods  are  fixed  by  the  ability  of  the 

fuel  to  withstand  detonation,  i.e.,  by  the  octane  number  of 

the  fuel  to  be  used,  and  by  the  maximum  allowable  cylinder 

pressures.  Higher  maximum  pressures  mean  heavier  cylinder 

construction,  hence  increased  specific  weight.  This  incidentally, 
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is  an  important  obstacle  to  successful  use  of  the  Diesel-type 

aircraft  engine.  Figure  1-8  shows  the  b.m.e.p.  vs.  brake  horse- 

power for  42  American  engines.  The  b.m.e.p. was  taken 

from  manufacturer's  data;  the  b.m.e.p.,^,^  was  determined  (see 

Table  Al-13)  from  b.m.e.p. =   1/0.75  X   0.9  X   b.m.e.p.c^,,i«i„^. 

Pig.  1-7B, — Effect  of  octane  number  on  performance.  {S.A.E.  Journal,  Vol.  41, 
No,  4,  October,  1937.) 

140 

a>  1 30 
,>  .= 

1:2,00 

a> 

i   90 

80. 

Fig.  1-8. — Brake  rneaii  effective  pressure  at  cruisiiiK  horvSC‘i>o w(‘r  for  42  Amerir-aii 

aircraft  erii^ines.  AT,  not  supercharged;  0,  super<‘h:tre:e<i,  A   --  1   ;   1   })lo\ver. 

The  effect  of  supercharging  on  b.m.e.p.  and  horsf*pf>\vor  is 

shown  in  Figs.  1-9A  and  1A)B.  Figure  1-10  shows  th(*  limita- 

tions placed  on  b.m.e.p.  by  the  octanes  munlxn*.  In  this  figui*<*, 

points  above  the  mean  line  EF  indi{*ate  good  (‘oinhust ion- 

chamber  and  cooling  design.  Points  far  Ix^Iow  this  line  indi- 

cate either  poor  design  or  use  of  uniu‘C(*ssarily  (^xpemsive*  fu(‘ls. 

Specified  octane  number  vs.  compression  ratio  for  23  Aineri{*an 

aircraft  engines  is  shown  in  Fig.  1-1 1 . 
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10 AIRCRAFT  ENGINE  DESIGN 

It  should  be  borne  in  mind,  however,  that  increase  in  the 

manifold  pressure,  the  amount  of  supercharge,  also  is 

limited  by  the  octane  number  of  the  fuel.  This  largely  accounts 

for  the  variation  in  octane-number  rec|uirements  of  different 

engines  having  the  same  compression  ratio. 

Compression  rcjitio 

Fig.  1-11. — Octane-number  reQxiirements  of  2S  American  aircraft  enginoH. 
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4.  Fuel  economy  is  important  in  ain'raft  (Migines  not  only  from 

a   fuel-cost  standpoint  but  also  because  the  (dTeet  is  euinuhit  iv(>, 

since  the  fuel  has  to  be  carried.  Fuel  raU^s  attaiiu‘d  in  oj)f;ration 

are  affected  by  the  percentage  of  ratofl  powcn*  iiscul  and  1)3^  th<i 

adjustment  of  the  mixture  control.  Receiitly,  much  attention 

has  been  focused  on  economical  mixtures  owing  in  part  to  the 
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use  of  exhaust-gas  analyzers  as  a   means  of  indicating  good 

mixture  adjustment.  However,  limitations  are  imposed  by 

permissible  cylinder  temperatures.  Higher  compression  ratios 

(Fig.  1-12)  are  a   means  of  improving  economy,  but  this  necessi- 

tates more  expensive  fuels  or  resort  to  ̂ ^fuel  cooling  by  richer 
mixtures.  Currently  attained  economy  of  operation  is  indicated 

in  Fig.  1-13.  These  values  represent  manufacturers'  guarantees 
rather  than  best  possible  performance,  however. 

5.  Engine  compactness  is  essential  to  low  parasite  drag,  but 

for  direct  cooling  (air  cooling),  limitations  are  imposed  by  the 

necessity  of  getting  rid  of  a   very  large  amount  of  heat  through 

Fig.  1-13. — Fuel  rate  for  25  American  aircraft  engines. 

the  fins  per  unit  of  time.  In  liquid-cooled  engines,  the  problem 

is  merely  shifted  from  the  engine  to  the  radiator.  All  the  heat 

liberated  in  the  cylinder  except  that  converted  into  work  must 

ultimately  be  removed  and  given  up  to  the  surroundihg  air. 

Thermal  efficiencies  vary  from  25  to  35  per  cent;  hence  65  to 

75  per  cent  of  the  heat  energy  in  the  fuel  must  be  disposed  of 

at  a   rate  sufficient  to  prevent  temperature  rises  above  allowable 

limits.  It  is  apparent  that  improving  the  thermal  efficiency 

simplifies  the  cooling  problem.  In  the  larger  sizes  of  engines, 

cooling  becomes  a   limiting  factor  to  cylinder  dimensions. 

Weight  limitations  are  also  closely  related  to  compactness. 

Obviously,  the  more  elongated  and  spread  out  an  engine  is,  the 

more  difficult  it  becomes  to  keep  the  specific  weight  within 

allowable  limits.  In  this  respect,  radial  engines  are  generally 

conceded  to  have  some  advantage  over  other  types. 
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6.  In  commercial  operation,  reliability  is  of  great  importance. 

Forced  landings  and  crashes  with  resulting  ]u^\vs[ )apej*  headlines 
are  about  the  best  negative  publicity  an  airline  can  have.  More 

directly,  they  are  tremendously  expensive  in  both  equipment 

and  personnel. 

In  military  work,  reliability  is  equally  important.  Failure  of 

equipment  at  a   crucial  moment  may  mean  the  difference  between 

victory  and  defeat.  The  old  saying  Because  of  a   nail  the 

horseshoe  was  lost,  etc.,  down  to  the  loss  of  the  Army^'  is  just 
as  applicable  to  the  working  parts  of  an  airplane  engine.  In  the 

air,  no  item,  however  minor,  is  entirely  unimportant. 

Operating  life  between  overhaul  periods  directly  bears  on  the 

revenue-producing  ability  of  aircraft  engines.  For  a   given 

schedule  of  operations,  the  longer  the  life  between  major  servic- 

ing periods,  the  fewer  reserve  engines  necessary  and  the  less  the 

nonrevenue-producing  investment.  Skille(l-lal)or  requirements 

are  also  a   major  item  of  cost  in  keeping  ecpiipment  in  serxdce. 

7.  The  relative  ease  of  maintenance  is  determined  vc^ry  largely 

by  the  simplicity  of  design  and  by  the  iisc^  of  standard  parts  in 

so  far  as  possible.  Manufacture  to  vcny  close  dimensional 

limits  is  essential  to  reliability,  but  it  also  aids  in  |;)cn'mitting  thci 
interchangeability  of  ])arts  on  like  engines.  RcMluction  in  the 

repair-parts  inventory  is  most  desirable. 

8.  In  the  ultimate,  the  iisofulnc\ss  of  all  commercial  i)roduc*ts 

is  determined  by  tlicdr  cost.  Regardless  of  the  pc^rfection  of  th(^ 

design  and  manufacture,  the  ])rodu(*t  cannot  comp(d,e  if  it  is  too 

costly.  In  the  case  of  the  air})lane  (mginc^,  th(^  raw  mateanals 

iron,  nickel,  aluminum,  etc*.,  in  thcnr  initial  stab^s  are  r(dativ<‘ly 

inexpensive.  Fabrication  is  the  major  itcnn,  and  that  is  largt^Iy 

determined  by  complexity  of  the  design.  Idnj  simpl(\st  design 

that  will  meet  the  recpiiremcuits  is  generality  the  most  satisfactory 

when  all  items  arc3  considered. 

9.  Ability  to  operate  undcu*  adverse  conditions  is  probably 

more  important  in  the  aircraft  engine  than  in  any  oth(‘r  typ("  of 

prime  mover.  In  addition  to  tlu^  rc'fiuircuncnit  (jf  unfaJling 

reliability,  the  engine  is  called  u})on  to  op(n*at(^  in  widcdy  v'arying 

positions  and  extreme  altitudes.  These  r(ic|iiir(^m(aits  di(*tatc 

dual  ignition,  a   dry-sump  crankcase,  sj)ecial  c.aii)urc*tor  design, 

and  numerous  other  special  features  that  are  rcilatively  much  less 

important  in  engines  for  land  or  marine  craft. 
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1-3^  Government  Requirements. — Primarily  for  the  purpose 
of  maintaining  reasonable  safety  standards,  the  Federal  Civil 

Aeronautics  Authority  has  been  given  extensive  control  over 

American  aviation.  In  the  engine  field,  the  control  consists  in 

forbidding  the  use  of  engines  not  approved  by  the  CAA. 

To  receive  approval,  an  engine  must  successfully  pass  a 

number  of  exacting  tests  and  meet  certain  Other  requirements. 

Hence,  it  is  important  for  the  designer  to  i^now  the  nature  of 

these  requirements.  Current  requirements  for  approval  of 

engines  are  known  as  Civil  Air  Regulations,  Part  13,  Aircraft 

Engine  Airworthiness.’^  In  addition,  the  CAA  has  prepared 

Civil  Aeronautics  Manual  13,  Aircraft  Engine  Airworthiness” 

which  is  ̂ intended  to  interpret,  explain  and  suggest  methods  of 

compliance  with  the  regulations.  ...”  Both  of  these  publica- 
tions should  be  available  to  the  designer. 

References 

1.  Wood:  Airplane  Design.” 

2.  Wood:  “Technical  Aerodynamics.’^ 

Problems 

1.  An  airplane  of  aerodynamic  cleanness  halfway  between  class  1   and 

class  2   (Fig.  1-1),  has  a   gross  weight  of  2,250  lb.,  a   landing  speed  of  47  m.p.h. 

with  flaps,  and  a   maximum  lift  coefficient  of  2.19.  What  brake  horsepower 

is  developed  by  the  engine  when  the  plane  is  flying  at  its  maximum  speed  of 

162  m.p.h.?  (Assume  the  propeller  efficiency  at  maximum  speed  is  83  per 
cent.) 

2.  For  a   wing  area  of  180  sq.  ft.,  a   wing  loading  of  15  lb.  per  sq.  ft.,  a   pro- 
peller efficiency  of  81  per  cent,  and  a   maximum  speed  of  150  m.p.h.,  what 

equivalent  flat-plate  area  of  parasite  resistance  is  implied  in  Eq.  (1-3)? 

To  what  class  of  airplane  does  this  correspond  (Fig.  1-1)?  If  the  wing  load- 

ing were  10  lb.  per  sq,  ft.,  what  class  of  airplane  would  be  implied? 

3.  a.  What  values  oi  f   /S  are  implied  by  Eq.  (1-3)  at  values  of  P/S  of  0.3, 

1.0,  and  3.0  if  the  propeller  efficiency  is  assumed  to  be  80  per  cent? 

h.  What  kinds  (classes)  of  5,000-lb,  airplanes  do  the  above  (part  a)  P/S 
values  represent  if  the  wing  loadings  are  12  lb.  per  sq.  ft.? 

4.  a.  For  values  of  f   /S  of  0.015,  0.025,  0.035,  and  0.045,  find  the  value  of 

K   in  the  equation  P   =   aS 

b.  Plot  curves  of 

(%^Y-
 

e 
Assume  rj  =0.8. 

'   (   ̂    for  the  vahu^s  of  K   found  in  part 

logarithmic  paper  using  P/S  as  the  ordinate  and  E,„ax  as  the  abscissa. 

8u{)oriniposc‘  thc^  mean  .liric^  in  Fig.  1-2  f<jr  coinjjarative  piirposc^s. 

6.  Plot  Fig.  1-3  on  logarithmic,  j^aper,  and  dc^terininci  an  cxprc^ssioii  for 

varijition  of  sp(‘cific  weight  with  size  {i.e.,  b.hp.). 



CHAPTEH  2 

OUTLIISTE  OF  THE  PROJECT 

2-1.  Selection  of  the  Potential  Market. — The  logical  fii\st  step 
in  designing  an  airplane  engine  is  to  determine  the  siise,  i.e,^  the 

performance  desired.  This  will,  of  course,  depend  upon  the 

use  to  which  the  engine  will  be  put  and  the  type,  size,  and 

performance  of  the  plane  that  the  engine  will  powei*.  For 
practically  all  engines,  with  the  possible  exception  of  d(%signs  for 

special  racing  purj^oses,  the  ultimate  object  is  to  bxiild  a   unit 

that  can  be  sold  profitably  and  that  will  produce  results  in 

competition  with  other  engines  sufficient  to  attract  furtlun* 
orders.  The  decision  of  first  cost  vs.  operating  cost,,  rc^l lability, 

and  operating  life  must  be  made  in  ordcjr  to  esta))lish  a   '^policy 

in  selecting  materials,  dimensions,  compression  ratios,  acces- 

sories, etc. 

For  instance,  an  engine  designed  for  the  low-cost  light  plains 

would  incorporate  good  materials  sufficient  for  reasonable! 

reliability,  but  the  designer  could  not  spe^'ify  tiie  v(n*y  best 

known  high-strength  alloys  because  that  would  pusli  the  cost 

above  competitive  levels.  Instead,  lui  would  be  o])ligc‘d  to  us<^ 

heavier  sections  of  l<*ss  expensive  materials  to  provide  tluj 

necessary  strength,  and  that  would  increase  the  w<fight  per  liorsci- 

power.  To  keep  the  cost  down,  he  wx^ulcl  be  oblig(Ml  to  omit 

special  features  such  as  superchargers  and  aiitomati(!  mixturfi 

controls  and,  in  extreme  cases,  x^essibly  rc^diudion  gc^aring  or 

the  dry-sum|3  crankcase  type  of  lu]>rication.  To  enable  tlie 

purchaser  of  the  engine  to  use  Jow-cost  fuc^ls,  the*  ch^signen’  will 
have  to  keep  the  compression  ratio  down,  and  tliis  will  nuian  a 

sacrifice  in  performance. 

On  the  other  hand,  if  an  engine  is  to  be  dosigne^d  for  a   high- 

performance  military  plane,  first  cost  (within  r(‘ason)  Ix^coimvs 

secondary  and  every  means  at  the  disposal  of  th(^  dc^sigiux*  should 

be  used  to  attain  maximum  power  with  rcasona})k^  (H'onorny. 

For  use  in  a   large  transport  i)lane,  first  cost  is  important,  Imt 
14 
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not  to  the  extent  of  a   light-plane  engine.  Low  weight  per  horse- 

power is  essential,  and  fuel  economy  is  vital.  This  will  mean 

the  use  of  stronger  alloys,  higher  compression  ratios,  and  greater 

supercharging.  The  resulting  higher  first  cost  will  be  justified 

by  reduced  operating  and  maintenance  cost  and  by  the  ability 

to  increase  the  specific  pay  load. 

Obviously  the  potential  market  for  the  engine  must  be  well 

defined  before  the  design  is  begun. 

2-2.  Selection  of  Rated  Power. — The  market  having  been 
selected,  the  rated  power  may  be  decided  upon.  Here  again 

cost  vs.  performance  enters.  For  instance,  any  given  airplane 

will  operate  with  quite  a   range  of  engine  sizes.  The  engine 

builder  must  decide  whether  he  can  make  more  money  by  building 

an  engine  that  will  appeal  to  the  user  who  is  willing  to  sacrifice 

high  speed  for  lower  operating  cost,  or  vice  versa.  This  decision 

is  in  no  essential  different  from  that  which  must  be  made  by 

the  manufacturers  of  any  other  product.  Essentially,  the 

decision  becomes  ^^will  the  company  cater  to  a   large  market 
with  small  profit  per  unit  or  to  a   more  limited  market  with 

greater  profits  per  unit?''  At  best,  by  the  very  nature  of 
things,  some  factors  must  be  left  to  chance. 

2-3-  Preliminary  Specifications. — Preliminary  specifications 

may  now  be  drawn  as  indicated  in  Table  2-1.  In  general,  for 

each  item  the  decision  of  what  value  to  use  is  largely  a   compro- 

mise between  the  best  possible  value  and  the  one  that  will  keep 

costs  within  allowable  limits.  Here  the  accumulated  experience 

of  the  designer  becomes  very  important. 

The  fundamental  principles  of  the  basic  sciences  are  very 

useful  in  the  design  of  complex  machines,  but  derived  formulas 

are  either  not  available  or  are  too  complicated  to  be  practical 

in  many  of  the  more  intricate  parts.  Hence,  empirical  rules 

based  on  accumulated  experience  must  be  used.  Many  of 

these  rules  are  merely  the  judgment  of  the  designers  based  on 

methods  that  have  been  found  to  be  satisfactory.  To  a   con- 

siderable extent,  they  are  the  results  of  the  trial-and-error 
method. 

Unfortunately,  progress  is  slow  in  the  school  of  experience,  and 

for  the  beginner,  the  way  forward  is  anything  but  clear.  Spe- 

cifically, if  the  inexperienced  designer  of  airplane  engines  is  to 

short-eut  the  long  winding  road,  he  must  rely  heavily  upon 
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landmarks  established  by  others.  He  must  has(‘  his  dec-isions 

regarding  the  major  portion  of  the  items  ui)OM  tlu^  findings  and 

experiences  of  his  predecevssors.  In  proceeding  with  the  design, 

the  student  should  assume  the  attitude  that  his  ''company^'  is 
going  to  spend  a   lot  of  money  on  his  recommendations.  If  hci 

departs  too  widely  from  convention,  he  is  shifting  the  project 

from  an  investment  to  a   gamble. 

This  recommended  adherence  to  convention  shouhl  not  bci 

construed  as  a   reactionary  attitude  toward  new  irndhcxls  and 

progress.  Rather,  it  is  based  on  the  belief  that  im|>rov(une!it 

in  an  existing  art  cannot  very  logically  1)0  made  until  cur- 

rent methods,  limitations,  and  shortc^omings  are  tlioroughly 

understood. 

2-4.  Justification  of  Values  in  Example  1. — 1,  2.  B<»lection  of 

values  for  Table  2-1  probably  can  be  best  discusscul  by  means 

TaBHC  2-1.   GjbJNnRAU  Bpiooific-\tioxs 

Specification  Item  lOxaiiiph^  1 

1.  Brake  horsepower: 

a.  Maximum  for  take-off     125  at  s<?a  level 

b.  Cruising     04 

c.  Maximum  except  take-off     125 

2-  Revolutions  per  minute: 

a.  For  take-off     2,000 
b.  For  cruising     1,800 

c.  For  maximum  except  take-off  iip     2,000 
3-  Octane  number  of  fuel  used: 

a

.

 

 

For  take-off  

 

 
 73 

6-  Cruising  and  max irn urn  except  take-off..  73 

4.  B.rn.e.p.,  11).  per  stp  in.: 

a.  Maximum  for  take-off     120 

b.  Cruising     100 

c.  Maximum  except  lakt^-off     120 

5.  Compression  ratio     5.3 

6.  Type  of  cycle  (two  or  four  strf>ke)     4 

7.  Type  of  cooling*;     Air 

8.  Arrangcuneiit  of  cylinders     Ra<liiil 

9.  Nurriher  of  cylinders  and  tfuiativc  sizcj     i’’'iv(‘  -I  j.^  by  5:?.v<  in. 
10.  Ck)nnoctinj^  rotl — (!rank  (A/ffJ  ratio     -1/1 

11.  Valve  arranfrement     ()verh(*a(l,  incIiiuMi, 
in  head,  rocker 

and  pusli  rods 

12.  Method  C)f  sup(‘rcdiarp;ing     N<jac 

13.  Ignition  sysUun     Ilual  magnetos 

14.  Reduction-g(^ar  ratio.        1:1 

W'lKa; 
a   nns, 
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of  the  example.  In  this  particular  case,  the  engine  company’^ 
plans  to  build  a   unit  for  the  medium-light  plane  class.  Usual 

power  loadings  in  this  class  (1,500  to  2,500  lb.  gross  weight) 

range  from  10  to  20  lb.  per  hp.  (Fig.  1-5)  with  a   fair  average  at 

about  16  for  a   2,000-lb.  plane.  Hence  the  engine  will  have  to 

develop  2,000/16  =   125  b.hp.  at  full  throttle  and  rated  speed. 

This  rating  is  based  on  sea-level  performance  since,  for  the 

purpose  intended,  most  of  the  operation  will  be  at  relatively 

low  altitudes. 

Some  engines  are  given  a   special  horsepower  rating  for  take-off 

above  that  which  they  can  safely  develop  for  extended  periods. 

Under  these  conditions,  take-off  horsepower  is  for  limited  periods 

of  a. few  minutes  only,  as  the  engine  would  overheat  if  operated 

continuously  at  take-off  horsepower.  A   special  take-off  high- 

octane  fuel  may  be  used  when  take-off  power  is  developed. 

Under  these  special  conditions,  item  Ic  may  be  considered  as 

the  maximum  safe  horsepower  for  extended  operation.  For  the 

example,  however,  the  added  cost  of  providing  for  extra  take-off 

power,  i.e.,  high  supercharge  and  special  fuel,  is  not  considered 

justifiable,  and  item  la  is  specified  as  equal  to  the  maximum  full- 

throttle  power  for  continuous  operation. 

The  specified  speed  of  2,000  r.p.m.  is  selected  because  (a) 

propeller  efficiencies  drop  rapidly  at  speeds  above  this  figure 

and  (6)  reduction  gearing  would  add  too  much  to  the  cost  of 

the  engine.  From  Fig.  1-6,  the  corresponding  top  speed  of  the 

plane  may  be  assumed  to  approximate  135  m.p.h. 

There  is  an  increasing  tendency  in  the  aviation  industry 

toward  designing  the  engine  to  fit  a   specific  plane.  When 

potential  sales  warrant  such  a   procedure,  the  power  of  the 

engine  is  determined  by  the  particular  requirements  of  the  plane. 

In  such  cases,  sufficient  data  will  be  available  to  permit  the  use 

of  Eq.  (1-2). 

The  cruising  horsepower  (Table  A 1-1 3)  should  be  about  75  per 

cent  of  the  take-off  horsepower,  and  the  corresponding  cruising 

speed  will  be  about  90  per  cent  of  takc-ofi  speed,  hence  the 

selection  of  94  cruising  hp  at  1,800  r.p.m. 

3.  To  avoid  the  extra  cost  of  premium  fuels,  an  octane  numbeu* 
of  73  is  specified. 

4.  Brake  mean  efft^ctive  ])ressures  in  the  75-  to  150-h]).  ((*ruis- 

ing)  class  range  around  100  lb.  i:)er  sep  in.  (Fig.  1-8).  For  a 
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73  octane  number  fuel,  a   higher  value  might  be  used  (Fig.  1~10), 

but  it  might  be  difficult  to  attain  without  supercharging  (see 

item  12,  Table  2-1).  Since  b.m.e.p.  may  be  expressed  by  the 
relation 

p   _   b.hp.  X   33,000 
^   LAN  on 

the  b.m.e.p.  for  take-off  conditions  is 

Pb  (take-off)  = 
b.hp.  (take-off) 
b.hp.  (cruising) 

r.p.m.  (cruising 

r.p.m.  (take-off) 
X   Pb  (cruising) 

or 

Pb  (take-off)  ==  X   X   100  =   120  lb.  per  sq.  in. 

Referring  to  Fig.  1-10,  it  is  seen  that  this  value  is  still  within 

the  range  of  73  octane  number  fuel.  Hence,  a   sj^ecial  fuel  for 

take-off  will  not  be  necessary. 

5.  Compression  ratio  is  limited  by  the  octane  numbcn*  of  the 

fuesl,  and  for  a   knock  rating  of  73,  a   value  of  5.3  for  the  CIZ 

should  be  satisfactory  (Fig.  1-11). 

6.  Two-stroke-cycle  engines  for  aircraft  are  still  largely  in  the 

experimental  stage;  hence  much  greatcu'  assuran(*e  of  su(?cc‘ss 

will  be  had  by  adhering  to  the  more  conventional  four-stroke- 

cycle  principle. 

7.  Direct  air  cooling  eliminates  the  cost  of  radiators  an<l 

troublesome  piping.  The  al)sence  of  any  water-cookMl  engin(\s 

ii%  the  power  class  in  which  this  (uigine  fiilLs  (liable  AI-1)  is 
good  evidence  that  previous  attemi)ts  at  w^ater  or  licjuid  cooling 

have  not  been  a]>le  to  meet  the  coini>etition  of  the  air-(*ooled 

engines.  Profiting  by  the  experiences  of  others  is  a   good  way  to 

avoid  rod  ink  on  the  ledgers. 

8.  As  regards  arrangement  of  cylindcirs,  doable  A 1-1  indicat(‘s 

that  radials  predominate  in  the  powc^r  (dass  iind(U'  (a)iisid(‘ration. 

However,  the  inverted  in-line  eiiginci  is  also  in  coiisid(*raldo 

evidence,  and  the  fiat-opposed  or  180-(k^g.  V-cnigiiui  has  much  to 

recommend  it  for  certain  typess  of  installations  siH*h  as  in  tlui 

wings  of  bimotored  ships.  In  the  final  dcicision,  the  company 

designer  will  probably  ])o  infhH‘iic(^<l  by  thci  prosid(nd/s  id(‘as  on 

cylinder  arrangement,  but  for  the  present  purposes,  it  is  of  int(‘r(‘st 

to  list  some  of  the  important  items  as  follows : 
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Item Air-cooled  radial Air-cooled  in-line Air-cooled  opposed 

Crankcase   Compact  and  rigid Must  be  heavier 

for  necessary  rig- 
idity 

Intermediate  for 

same  powered  en- 

gine 

Cylinders   !   All  equally  ex- 
posed to  cooling 

air 

1 

Careful  cowling 

necessary  to  cool 

rear  cylinders  ad- 
equately 

Some  cowling  to 

deflect  air  on  rear 

cylinders  except 
in  the  smallest 
sizes 

Crankshaft.  .   .   , :   Short  and  rigid, 

heavily  loaded 

crankpin.  Coun- 

terweights neces- 
sary 

Heavier  for  neces- 

sary stiffness. 

Usually  no  coun- 
terweights 

Intermediate  for 

same  powered  en- 

gine 
Valve  gear.  .   .   . Push  rod  and 

rocker  arm  limit 

speed  of  geared 
engine 

Overhead  cam- 
shaft may  be 

used,  less  noisy, 

less  maintenance, 

but  tends  to  limit 

valve  size 

Push  rods  and 

rocker  arms  or 

two  overhe  a^d 
camshafts 

Parasite  drag.  . Considerable  even 

with  cowling,  es- 

pecially in  wing 

engines.  Nose 

engines  increase 

fuselage  drag  be- 
i   cause  of  slip 
1   stream 

Less  frontal  area, 

but  necessary  air 

scoop  for  cooling 
adds  to  total  drag 

I 

More  adaptable  for 
cowling  in  wing, 

but  cooling-air 

scoop  adds  to  to- 
tal drag 

Visibility  in  sin- 

gle-engine 
tractor-type 

plane 

'   Relatively  ob- 
:   structed 

i 

Excellent  for  in- 
verted type 

Better  than  radial 

Many  other  items,  varying  in  importance  between  the  types, 

will  come  to  mind,  but  the  foregoing  comparison  is  sufficient  to 

indicate  that  none  of  the  three  arrangements  of  cylinders  is 

outstandingly  superior.  For  example  1,  a   radial  has  been 

vselected. 

9.  Firing  order  in  a   single-bank  radial  very  nearly  dictates  an 

odd  number  of  cylinders.  The  greater  the  number  of  cylinders, 

the  greater  the  overlap  of  power  impulses,  hence  the  smoother 

the  torque  curve ;   but  fewer  cylinders  means  a   smaller  number  of 

parts  and  usually  lower  cost.  Increasing  the  number  of  cylinders 

beyond  seven  in  a   single-bank  radial  increases  the  over-all 
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diameter  and  parasite  drag.  Fewer  and  larger  cylinders  arc 

more  difficult  to  cool,  since  for  a   given  cooling-fin  design,  the 

volume  increases  as  the  cube  of  the  dimensions,  whereas  the 

surface  area  of  the  cylinder  increases  only  as  the  scjuare.  How- 

ever, this  will  probably  not  be  a   limiting  factor  so  soon  as  torque- 

curve  variation  in  the  size  of  engine  under  consideration.  For 

the  example,  5   cylinders  have  been  selected  as  the  compromise 

of  the  logical  possibilities,  3,  5,  or  7. 

From  the  relation. 

b.hp. PhLA  N,.n 

33,000 

the  displacement  per  cylinder  is 

% 

^   ^   125  X   33,000  X   12 U   =   iZDA  =     27idd   
120  X   X   5 

=   82.5  cu.  in.  for  the  exam  phi 

Ratios  of  stroke  to  bore  vary  rather  widely  (Talkie  Al-1),  and 

they  are  quite  often  dictated  by  the  desire  to  incn^asci  tlui  numl>er 

of  interchangeable  parts  in  models  of  similar  design  l>ut  difTercmt 

power  output.  A   low  stroke-bore  ratio  rciduces  tlui  ovc^r-all 

diameter,  hence  the  parasite  resistan(*e,  but  it  incrcniscvs  the 

distance  the  heat  has  to  flow  to  escape  from  the*  c(‘nt(a’  of  tluj 

piston.  This  generally  means  a   heavier  piston  and  a   grciattir 

weight  of  reciprocating  parts.  A   strokc‘-l)orfi  ratio  of  1 .2  is 

tentatively  selected  as  reprcisenting  good  })nicti(*(i.  ddiis  will 

permit  the  later  development  of  a   large*!'  (‘ngiru^  in  whir'h  many 

of  the  parts  in  the  ])r(^sent  model  c*an  he*  us(*d.  Ida*  larg{*r  unit 

will  doubtless  have  larger  diameter  cyliudei's,  but  by  using  a 

fairly  high  stroke-bore  ratio  in  the  present  niodc*!,  a   r(*asonabI{^ 

stroke-bore  ratio  can  still  be  had  in  thc^  larg(*r  mod(*l  with  flu* 

same  crank-arm  radius.  The  cylin<ler  dimensions  are  found  from 

D 
d-  X 

h27r 

"”4"  ■   ' 

d   = 

S   = 

/82.5  X 

V   1.2  X   TT  J 
4.45  in.,  bore 

1.2  X   4.45  =   5.34  in.,  strokti 

As  cylinder  dimensions  are  usually  sptH'.ificHl  to  tin*  n(*arcst  (*ight,h 

of  an  inch,  the  bore  and  stroke  may  be  tak(*n  as  412  by 
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Referring  to  Table  A1--1,  it  is  seen  that  these  values  compare 

favorably  with  bore  and  stroke  values  for  similar  sizes  of  engines. 

10.  Ratios  of  center- to-cen ter  length  of  connecting  rods  to 

crank-arm  radii  (L/R  ratios)  vary  from  about  3.3  or  less  to  as 

high  as  4.5.  The  longer  the  connecting  rod  in  proportion  to  the 

crank  radius,  the  less  the  angularity  between  the  connecting-rod 

axis  and  the  cylinder  center  line,  hence  the  less  the  side  pressure, 

i.e.,  friction  against  the  cylinder  wall.  But  large  values  of  L/R 

mean  greater  over-all  transverse  dimensions  of  the  engine,  hence 

greater  parasite  drag.  A   compromise  value  of  L/R  ̂    4:  has 

been  selected  for  Example  1. 

11.  For  a   radial  engine,  rocker  arms  and  push  rods  are  about 

the  only  feasible  means  of  transmitting  the  cam-follower  motion 

to  the  valves.  Inclined  valves  in  the  head  are  specified  to 

permit  maximum  valve  port  openings  and  as  direct  a   flow  as 

possible  for  the  gases.  To  attain  the  b.m.e.p.  specified,  a   high 

volumetric  efficiency  will  be  necessary,  but  two  intake  valves  per 

cylinder  would  be  objectionable  because  of  complexity  and  cost. 

12.  Gear-driven  centrifugal  blowers  are  conventional  for 

supercharging  radial  engines,  but  supercharging  is  omitted  in 

this  example  to  keep  down  the  cost.  To  attain  equal  mixture 

distribution  to  the  various  cylinders  in  a   radial  engine,  a   centrif- 

ugal-type blower  directly  connected  to  the  rear  end  of  the  crank- 

shaft is  desirable.  For  later  more  powerful  models,  this  blower 

may  be  converted  to  a   supercharger  by  gearing  it  for  a   speed 

higher  than  the  crankshaft  r.p.m. 

13.  Two  magnetos  are  specified  for  safety  and  reliability  and 

to  conform  with  government  requirements.  Dual  ignition  will 

also  increase  the  power  output  slightly. 

14.  A   reduction  gear  between  the  propeller  and  crankshaft 

will  not  be  necessary  (1:1  indicates  direct  drive)  as  no  appreci- 

able loss  in  propeller  efficiency  will  be  had  at  the  crankshaft 

speed  specified. 

2-6.  Preparation  of  Design  Data  and  Drawings. — Design  data 

to  be  of  value  must  not  only  be  accurate  but  also  be  in  logical 

form  and  neatly  prepared.  A   jumbled  aiTay  of  illegible  calcula- 

tions and  incomplete  penciled  drawings  is  of  little  value  no 

matter  how  accurate.  Your  employer  will  judge  the  quality  of 

your  work  by  its  neat  appearance  in  the  same  general  way  that 

you  are  influenced  toward  a   new  car  by  the  appeal  of  streamlined 
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contours  and  glLstening  finish.  In  (uther  case,  the  quality  of  the 

product  may  or  may  not  be  high,  but  to  soli  it,  it  must  look 

right.  The  inner  quality  will  determine  the  repeat  orders. 

DESIGN  DATA  ‘ FOR  A 
200 HP.  6CYL. 

IN  LINE  AIR  COOLED 
AIRPLANE 
ENGINE 

Designer 

TITLE  PAGE 

Fig.  2“1. — Suggested  arrangement 

  h 

Table  o*f  Contents 

Section 
L   GenercJil  SDeclfs'cations 
Coi)  Table---'   p.  2 (b)  Reasons  for 

selections   «p.  3 

(c> 2.  Gas  pressure  > tions 

(a>  Assumed  data- p.  1 

^   (b)  Card  data   p.3 
etc. 
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Fig.  2-2.— “American  vSociety  of  Mechanical  IhigiiKMTH  recoin ni<*ti<lcd  drMwtng- 

papor  Bvzi'i  arul  arrangfonent. 

It  is  recommended  that  design  notes  ancl  completed  drawings 

be  kept  in  a   standard  l)y  11 -in.  three-ring  notctiook.  ddu* 

first  page  of  the  notebool^  should  be  a   tith^  sh<‘(‘t,  the  sc^cond  a 

table  of  contents  (Fig.  2-1),  and  each  section  cd*  the  work  should 
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be  identifiable  by  a   small  tab  attached  to  the  first  sheet  of  the 

section.  This  tab  should  have  a   title  or  section  number  con- 

forming to  the  title  and  section  number  in  the  table  of  contents. 

Subtitles  should  follow  each  section  title,  and  their  location  in  the 

section  should  be  by  section  page  number.  Each  drawing 

should  be  identifiable  by  a   suitable  designating  letter  or  number 

Fia.  2-4. — Suggested  method  of  folding  drawings  for  insertion  in  design  note- 
book. An  alternate  method  of  folding  so  that  the  title  block  shows  when  folded 

is  standard  practice  with  many  companies. 

and  title  both  on  the  drawing  and  in  the  table  of  contents.  In 

all  cases,  tabulated  data,  calculations,  and  graphical  construc- 

tions should  be  titled,  accompanied  by  adequate  explanations, 

and,  as  applies,  by  sample  calculations. 

Whenever  ]:K)ssi])le,  drawings  should  be  on  standard  sizes  of 

l)aper  and  in  all  cases  properly  titled  (Fig.  2-3).  For  insertion 

in  the  notebook,  drawings  should  be  blueprinted  and  folded  as 
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indicated  in  Fig.  2-4.  Drawings  should  be  complete.  A   drawing 

returned  by  the  production  department  for  lack  of  adequate 

dimensions  or  other  data  is  a   direct  reflection  on  the  engineering 

department  and  the  designer.  Repeated  offenses  usually  result 

in  the  individuahs  failure  to  receive  promotion.’’ 

Suggested  Design  Procedure 

1.  Select  the  class  of  plane  for  which  an  engine  is  to  be  designed.  Tabu- 

late the  approximate  weight,  performance,  parasite  drag  (if  available),  and 

other  pertinent  data. 

It  is  recommended  that,  for  undergraduate  students,  the  selection  be  con- 

fined to  the  medium-  or  light-plane  class  as  large  planes  require  engines  of 

more  cylinders,  greater  complexity,  etc.,  and  this  greatly  increases  the  detail 

work  necessary  in  designing  the  engine  without  adding  proportionately  to 

the  fundamental  knowledge  gained.  Also  in  most  undergraduate  courses, 

the  time  available  for  the  design  work  is  insufficient  for  those  added  details. 

2.  Prepare  a   table  of  general  specifications  similar  to  Table  2-1. 

Adhere  closely  to  current  practice  in  deciding  upon  the  type  of  engine  to 

be  designed.  Confine  the  selection  to  (a)  a   single-bank  radial  of  preferably 

not  more  than  seven  cylinders,  (6)  an  in-line  type  of  not  more  than  six 

cylinders,  or  (c)  a   V   type  of  not  more  than  eight  cylinders. 

In  limiting  the  selections  to  the  preceding  types,  it  is  not  the  purpose  to 

suppress  originality  or  potential  inventive  genius,  but  rather  to  require  the 

selection  of  a   problem  that  the  beginner  can  have  a   fair  chance  of  completing. 

As  an  instance  of  the  pitfalls  of  allowing  unlimited  selections,  a   case  is 

recalled  in  which  a   student  was  permitted,  in  his  first  undergraduate  course 

in  engine  design,  to  select  any  type  of  engine  he  desired,  and,  without  know- 

ing of  the  difficulties  ahead,  he  selected  a   three-lobe-cam  engine.  Almost 

immediately,  innumerable  questions  arose  concerning  logical  values  for  this 

detail  and  proper  sizes  for  that  part.  Without  precedent  to  guide  him,  he 

soon  became  hopelessly  lost  and  little  was  accomplished.  The  inexperienced 

designer  will  have  problems  enough  with  a   conventional  type  of  engine. 

Later,  when  he  has  acquired  experience,  he  can  depart  from  the  conven- 
tional if  he  chooses. 

3.  Justify  each  specification  item  by  reference  to  current  practice  wherever 

possible  and  by  reference  to  the  allowable  cost  decided  upon. 

Hasty  selection  of  the  general  specifications  is  false  economy  of  time,  as 

specifying  impossible  values  may  mean  the  repeating  of  a   great  deal  of 
tedious  calculation  farther  on. 

4.  Make  a   line  layout  of  (a)  a   transverse  section  and  (&)  a   longitudinal 

section  through  the  engine  at  the  cylinder  center  lines.  Show  the  location 

and  desired  sizes  of  the  principal  parts.  Indicate  desired  dimensions  of 

important  parts,  positions  of  center  linOvS,  etc‘..,  but  do  not  try  to  nuik(;  a 

complete  detailed  drawing*  at  this  stage  of  the  design.  (ffieck  clos(wt  posi- 

*   In  preparing  this  preliminary  layout,  the  dcsigne'r  may  be  likened  to  a 
topographer  preparing  a   map  of  a   little  known  region.  The  first  step  is  to 
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tion  of  connecting-rod  center  line  to  lower  end  of  cylinder.  (Cylinder  must 

extend  down  approximately  as  far  as  the  lowest  position  of  the  bottom  of  the 

piston  skirt.)  Check  all  features  of  desired  arrangement  to  be  reasonably 

certain  of  adequate  mechanical  clearance  of  parts.  Inspect  available  blue- 

prints, drawings,  engine  parts,  etc.,  of  similar  designs  for  assistance  in 

selecting  logical  sizes  for  the  various  parts. 

This  preliminary  layout  drawing  should  be  developed  with  the  idea  in 

mind  that  it  is  the  general  arrangement  desired.  At  best,  some  detail 

changes  will  be  necessary  before  the  final  design  is  completed,  but  if  too 

radical  an  arrangement  is  attempted,  major  changes  may  have  to  be  made. 

This  will  greatly  increase  the  work  necessary  later.  Hence,  it  is  very 

desirable  to  give  careful  study  to  the  proposed  arrangement.  The  layout 

need  not  be  blueprinted  at  this  stage,  but  it  should  be  to  a   large  enough  scale 

to  permit  close  study  and  on  standard-size  paper  properly  titled  (size  D   or 

Ej  Fig.  2-2,  is  recommended). 
5.  When  items  1   to  4   have  been  completed  and  put  in  proper  form  (Par. 

2-5),  submit  for  checking  and  approval.  Keep  a   record  of  the  man-hours 

required  on  each  item. 

bound  the  region  as  accurately  as  possible  and  to  insert  the  position  of 

important  features  such  as  rivers,  lakes,  and  mountain  chains  (f.c.,  major 

dimensions,  center  lines,  etc.).  Obviously,  the  details  will  have  to  be  added 

gradually  as  the  information  becomes  available,  but  it  should  be  borne  in 

mind  that  unnecessary  carelessness  or  poor  judgment  in  the  preliminary  lay- 

out will  result  either  in  doubtful  .accuracy  of  the  finished  product  or  a   great 

deal  of  time-consuming  revision  that  might  have  been  partly  avoided. 

The  successful  designer  also  has  something  in  common  with  the  success- 

ful artist  who,  in  preparing  the  layout  for  a   painting,  is  able  to  visualize  in 

his  mind’s  eye  the  appearance  of  the  finished  product.  It  takes  years  of 
practice  to  perfect  this  ability,  but  the  greatest  attainments  always  have 

been  made  by  men  (engineers  as  well  as  artists)  who  put  everything  they  had 

into  every  job  at  the  beginning  as  well  as  at  the  height  of  their  careers. 



CHAPTER  3 

GAS-PRESSURE  FORCES 

3-1.  Forces  in  the  Cylinder. — Forces  on  the  piston  represent 
a   combination  of  gas  pressure  and  inertia  forces.  These  forces 

are  usually  determined  separately  at  increment  angular  positions 

of  the  crankshaft,  plotted  as  unit  or  total  force  against  crank 

angle,  and  then,  by  adding  ordinates,  a   curve  of  the  net  force 

parallel  to  the  cylinder  axis  is  obtained.  As  the  dimensions 

of  the  various  parts  of  the  engine  are  largely  determined  by  the 

stresses  resulting  from  the  maximum  forces,  it  is  obviously 

necessary  to  investigate  the  case  causing  these  extreme  condi- 
tions, i.e.,  full  throttle  and  highest  speed. 

3-2.  Construction  of  the  Indicator  Card. — For  the  gas-pressure 
forces,  it  is  necessary  to  construct  an  indicator  card  representing 

full-throttle  conditions.  Very  elaborate  procedures  have  been 
developed for  analyzing  the  phenomena  in  engine  cylinders 

with  the  idea  in  mind  of  more  closely  approaching  actual  condi- 
tions. However,  even  with  the  most  complex  of  these  methods, 

some  discrepancies  exist  and  must  be  accounted  for  by  a   ̂^card 

factor.^^  It  is  believed  that  simpler  methods  of  determining 
values  for  the  indicator  card,  although  admittedly  less  rational, 

are  more  practical  and  may  be  applied  just  as  effectively  by  using 

a   somewhat  larger  card  factor.  In  short,  instead  of  endeavoring 

to  account  for  variable  specific  heats,  dissociation,  chemical 

equilibrium,  heat  flow  back  and  forth  between  the  gases  and  the 

cylinder,  and  then  applying  a   small  card  factor,  use  values  for 

the  exponents  of  compression  and  expansion  consistent  with 

actual  measured  results  from  engines  that  have  been  indicated, 

calculate  the  pressures  and  volumes  by  the  older  and  much 

simpler  thermodynamic  relations  of  the  modified  “air-standard’' 
cycle,  and  then  apply  a   slightly  larger  card  factor.  The  values 

for  plotting  may  be  found  avS  follows: 

Determine  the  i.m.e.p.  from 
b.m.e.p. 



GAS-PRESSURE  FORCES 27 

where  i.m.e.p.  =   indicated  mean  effective  pressure,  lb.  per  sq.  in. 

b.m.e.p.  =   brake  mean  effective  pressure  at  maximum 

horsepower  (=  take-off  horsepower),  lb.  per 

sq.  in. 
=   mechanical  efficiency  at  take-off  horsepower. 

The  absolute  pressure  at  the  end  of  expansion  may  be  found 

from^’^ 

X   (3-2) 

where  Pd  =   pressure  at  end  of  expansion,  lb.  per  sq.  in.  abs. 

n   =   exponent  of  the  compression  and  expansion  curves. 

R   =   compression  ratio. 

Fd  =   card  factor  representing  the  ratio  of  actual  to 
theoretical  card  areas. 

Pa  =   pressure  at  the  beginning  of  compression,  lb.  per 
sq.  in.  abs. 

^   Pd  (3-3) 

=   Pa  X   (3-4) 

where  Pc  =   pressure  at  the  beginning  of  expansion,  lb.  per  sq.  in. 
abs. 

Pb  =   pressure  at  the  end  of  compression,  lb.  per  sq.  in. 
abs. 

Cylinder  volumes  corresponding  to  the  foregoing  pressures  may 

be  found  by  combining  the  relations 

(3-5) 

^   =   R   (3-6) 

where  Va  =   cylinder  volume  at  the  beginning  of  compression, 
cu.  in. 

Also 

=   clearance  volume,  cu.  in. 

D   ==  piston  displacement  for  one  cylinder,  cu.  in. 

Va  ==  Vd  and  Vb  =   Vc 

where  Vd  =   cylinder  volume  at  the  end  of  expansion,  cu.  in. 

Vc  =   cylinder  volume  at  the  beginning  of  e.xpansion, 
cu.  in. 
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Intermediate  pressures  along  the  compression  line  may  be  found 

from 

P   1,2,3,  etc.  — 

PbV 

(3-7) 

V   1,2,3,  etc.  being  found  by  measuring  along  the  abscissa  or  volume 

line  to  scale.  Similarly,  intermediate  pressures  along  the  expan- 

sion line  may  be  found. 

An  alternate  method  of  finding  intermediate  pressures  is  to 

plot  points  PaVa,  PbVb,  PcTc,  and  PdVd  on  logarithmic  cross- 

sectional  paper  and  connect  successive  points  by  straight  lines. 

Pressures  corresponding  to  any  intermediate  volumes  may  be 

read  directly  from  the  ordinate  scale. 

Fig.  3-1. — Graphical  construction  of  a   PV^  —   constant  line. 

A   graphical  method  of  plotting  compression  and  expansion 

lines  is  illustrated  in  Fig.  3-1.  For  instance,  to  construct  a 

compression  line,  lay  off  coordinates  OV  and  OP  and  locate 

point  Select  o:  and such  that  (1  +   tan  a)”  =   1-1-  tan  /3. 

Draw  OH,  making  the  angle  cki  with  OF,  and  OL,  making  the  angle  ̂  

with  OP.  Erect  a   line  perpendicular  to  OF  at  F^.  Construct 

angle  OF^a  equal  to  45  deg.  Erect  a   line  through  a   perpendicular 

to  OF.  Construct  P^fe  perpendicular  to  OP.  Construct  angle 

hPiO  equal  to  45  deg.  Draw  a   line  through  Pi  parallel  to  OF. 

The  intersection  of  the  perpendicular  line  through  a   and  the 

horizontal  line  through  Pi  locates  point  PiFi-  Construct 

angle  OF ic  equal  to  45  deg.  Erect  a   line  through  c   perpendicular 

to  OF.  Extend  the  horizontal  line  through  Pi  to  d.  Construct 
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angle  dP2.0  equal  to  45  deg.  Draw  a   line  through  parallel  to 

OV.  The  intersection  of  the  perpendicular  line  through  c   and 

the  horizontal  line  through  P^  locates  point  P2I  2.  Proceed 

in  the  same  way  to  locate  points  P3V3,  P^V^,  etc.,  and  connect 

the  points  thus  located  with  a   smooth  curve.  The  equation 

of  the  curve  is  PV"^  —   a   constant. 

3-3-  Example. — Construct  an  indicator  card  for  the  engine  selected  in 

Example  1,  Table  2-1. 

Procedure. — The  b.m.e.p.  for  take-off  horsepower  represents  maximum 

conditions.  Mechanical  efficiency  will  be  that  for  full  load  and  speed.  For 

Fig.  3-2. — Logarithmic  plot  for  determining  indicator-card  data. 

these  conditions,  the  mechanical  efficiency  may  be  taken  as  equal  to  85  per 

cent  (Fig-  A 1-2).  qdien 120  , 

i.in.e.p.  ^   n^* 

The  average  exponent  of  compression  and  expansion  may  be  taken  as 

n   =   1.3,  the  card  factor  Fr>  =   0,9,  and  the  pressure  at  the  beginning  of 

compression.  Pa.  =   90  per  cent  of  atmospheric  pressure  (for  a   nonsuper- 
charged  engine) Then,  for  the  example, 

Pd  X   4rA  +   0-9  X   14.7  =   72.7  lb.  per  sq.  in.  abs. 

Let  Pn  —   73  Ib.  per  sq.  in.  abs. 

=   73  X   5.3'*3  =   635  Ih.  per  sq.  in.  abs. 

Pb  —   13.2  X   5.3^  3   =   115  lb.  per  sq.  in.  abs. 

lISc  Lib 

B'lore 
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The  displacement  per  cylinder  is 

D   =   4.52  X   0.785  X   5.375  =   85.5  cu.  in. 

Hence 

Vb  ■   -   =   19.9  cu.  in.  =   Va 
0.0  —   1 

Va  =   85.5  +   19.9  =   105.4  cu.  in.  =   Vd 

Plotting  the  four  points  thus  determined  on  logarithmic  paper  and  connect- 

ing gives  Fig.  3-2.  Table  3-1  is  obtained  by  selecting  intermediate  volumes 
and  reading  the  corresponding  pressures.  The  completed  indicator  card 

Table  3-1. — Indicator-card  Data  from  Fig.  3-2  ̂ 

Volumes, 

cu.  in. 

Compression-line 
pressures,  lb.  per 

sq.  in.  abs. 

Expansion-line 
pressures,  lb.  per 

sq.  in.  abs. 

105.4 
13.2 

73 

100 
14 

76 

95 
14.95 

82 90 
16 

87.5 

85  * 

17.1 

94 80 
18.4 

100 

75 
20 no 

70  
• 

22 121 

65 24.5 132 

60 27 

148 

55 
30 

165 

50 
34.5 

187 

45 
39 215 

40 

1   46 

250 

35 

55 
295 

30 
66 365 

25 
85 

460 

22 100 
550 

19.9 115 635 

(Fig.  3-3)  is  constructed  from  the  data  in  Table  3-1.  Tlie  area  of  this  cai-d 
to  the  scale  drawn  is  6.23  sq.  in.,  the  length  is  4.1  in.,  and  the  spring  scale  is 
100  lb.  per  in.  of  ordinate,  hence 

i.m.e.p.  (theoretical)  =   — —   =152  lb.  per  sq.  m. 

The  i.m.e.p.  for  the  assumed  actual  conditions  was  141  lb.  per  sq.  in. 
Therefore,  the  card  factor  should  be 
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Fb  ■   0.925 

This  value  checks  the  originally  assumed  value  of  0.9  reasonably  well. 

In  superimposing  the  actual  card  by  rounding  the  corners  of  the  theo- 

retical card,  Pmax  may  be  taken  as  about  75  per  cent  of  Actuall^^, 
maximum  cylinder  pressures  vary  over  a   considerable  range  and  depend 

upon  numerous  factors,  including  ignition  timing,  air-fuel  ratio,  etc.  When 

a   low-octane  fuel  is  used^  the  maximum  pressures  are  much  higher  owing  to 

detonation  of  a   part  of  the  charge.  In  extreme  cases  of  knocking,  these 

pressures  can  cause  serious  damage  in  an  engine. 

Tig.  3-3. — Indicator  card  for  Kxamplc  1   (Table  3-1). 

The  pressure  near  the  end  of  the  expansion  line  will  drop  owing  to  opening 

the  exhaust  valve  before  bottom  dead  center  (point  K.V.O.*  Fig.  3-3). 
Usually  the  pressure  will  not  have  expanded  to  exhaust-stroke  pressure  until 

the  piston  has  moved  an  appreciable  distance  on  the  exhaust  stroke.  This 

justifies  rounding  the  “toe”  of  the  card. 
If  the  spark  occurs  too  early,  the  pressure  will  rise  above  the  compression 

line  before  top  dead  center  is  reac^hed.  This  is  undesirable,  but  a   greater 

loss  will  occur  due  to  Pmax  being  farther  from  top  chaid  (‘enter  if  tlie  spark  is 

retarded  too  much.  Hence,  some  rounding  of  tli(^  card  near  the  end  of  the 

compression  strc^ke  should  he  made. 

The  area  of  the  superimposed  “actual”  card  is  5.73  sq.  in.  for  the  exaniph', 
and 
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F.  II  .0.92 
This  again  checks  the  originally  assumed  value  reasonably  well. 

Gas -pressure-Crank -angle  Diagrams.^ — -To  utilize  the 
gas-pressure  data  from  the  indicator  card,  it  is  necessary  to 
convert  to  a   pressure-crank-angle  basis.  This  may  be  done  most 
conveniently  by  a   graphical  construction  as  illustrated  in  Fig.  3-4. 
With  reference  to  this  figure,  the  constructed  indicator  card  is 

'tacked  to  a   drawing  board  and  the  atmospheric  line  or  a   line 

Fig.  3-4. — Graphical  method  of  converting  the  pressure-volume  card  to  a 

pressure-crank-angle  basis. 

parallel  to  it  is  extended  as  shown.  The  length  of  the  card 
parallel  to  the  atmospheric  line  is  directly  proportional  to  the 
stroke  of  the  piston.  Hence,  by  using  this  length  as  a   base,  all 
other  dimensions  may  be  scaled  down  accordingly.  The  atmos- 

pheric line  may  be  considered  as  the  center  line  of  the  cylinder, 

and  the  extension  will  pass  through  the  center  of  the  crankshaft.* 
The  location  of  this  center  may  be  found  by  scaling  down  the 

connecting-rod  length  to  the  scale  of  the  card  using  the  relation 

This  is  true  except  in  offset-cylinder  engines,  but  the  construction  may 
be  modified  readily  for  such  cases. 
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where  S   =   length  of  indicator  card,  in. 

S'  =   piston  stroke,  in. 

Zj'  =   center-to-center  length  of  the  engine  connecting  rod, 
in. 

L   =   center-to-center  length  of  the  connecting  rod  to  the 
scale  of  the  card,  in. 

Point  O,  Fig.  3-4,  is  distant  from  point  PeVe  by  the  amount 

L   -p  R   where  R   =   S/2.  B3^  using  O   as  a   center,  construct  a 

j< — Expomsion  — >j-<s — Exhausf     In'iake   >-^-Compression 

E   3200 

9   2400 

0   40  80  120  160  200  240  280  320  360  400  440  480  520  560  600  640  680  120 
Crank  angle,  deg. 

Fig.  3-5. — Gas-pressure— crank-angle  diagram  for  Example  1   (Table  2-1). 

circle  of  radius  R   and  divide  the  upper  half  into  10-deg.  incre- 

ments with  the  aid  of  a   protractor.  Set  a   compass  to  length  L, 

and  using  the  10-deg.  increment  points.?/,  ?/i,  2/2;  etc.,  strike 

arcs  intersecting  the  atmospheric  line  on  the  card  at  x,  Xi,  Xo,  etc. 

The  X   points  represent  piston  positions  corresponding  to  crankpin 

positions  y.  Erect  ordinates  at  the  x   points,  and  read  the 

pressures  at  the  intercepts  with  the  card  lines  directly  from  the 

ordinate  scale.  Convert  the  pressures  to  total  force  by  multiply- 

ing each  by  the  area  of  the  piston,  and  plot  against  crank  angle 

as  an  uniformly  spaced  abscissa.  As  atmospheric  pressure  is  at 

all  times  acting  on  the  under  side  of  the  piston,  the  effective  gas 

pressure  thrust  on  the  piston  is  represented  ])y  the  gage  pressure. 

Hence,  it  is  necessary  to  convert  the  ordinate-scale  readings  to 
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gage  readings.  This  is  most  easily  done  by  shifting  the  ordinate 

scale. 

3-5.  Example. — Construct  a   gas-force-crank-angle  diagram  for  the  engine 

selected  in  Example  1,  Table  2-1. 

Procedu7'e. — Before  locating  crank-angle  positions  on  the  card  (Fig.  3-3), 

it  is  necessary  to  determine  the  (scale)  center-to-center  length  of  the  connect- 

ing rod  from  the  L/R  ratio.  By  using  the  selected  value  of  L/R  —   4 

(Table  2-1),  scaling  down  as  explained  in  Par.  3-4,  and  making  the  graphical 

construction,  the  crank-angle  positions  were  located  as  shown  on  Fig.  3-3. 

Ordinates  erected  to  the  compression  and  expansion  lines  from  these  points 

gave  the  data  from  Table  3-2,  and  these  data  were  used  to  construct  Fig.  3-5. 

Table  3-2. — Gas-pbessxjre,  Cbakk-angle  Forces  from  Fig.  3-3 
Area  of  Piston  =   15;9  sq.  in. 

Crank 

angle, 

deg. 

Pres- 
sure 

from 
card, 

lb.  per 

sq.  in. 
abs. 

Pres- 

sure, 

lb.  per 

sq.  in. 

gage 

Total  net 

force  on 

piston, 
lb. 

Crank angle, 

deg. 

Pres- 
sure 
from 

card, 

lb.  per 

sq.  in. abs. 

Pres- 

sure, 

lb.  per 

sq.  in. 

gage 

Total  net 

force 

on 

piston, 
lb. 

/   ̂
 

150 135 
2,145 /   360 

16 
1.3 

20.65 

/   1
0 

380 365 5,800 

S   \370
 

14.5 

-0.2 

-   3.18 

I   20 430 415 
6,600 

;380 13 

-1.7 

-27 

1   30 420 405 
6,440 

^   i 

i 

1   
40 

340 325 

5,160 

(530
 

13 

-1.7 

-27 

1   50 272 
257 

4,090 >540 
13.2 

-1.5 -23.8 

1   60 218 203 

3,225 /   550 
13.5 

—   1.2 
-19.1 

g   ]   70 

180 165 
2,620 

I   56
0 

13.8 

-0.9 -14\3 

§   )   80 
152 137 

2,180 

1   57
0 

14 

-0.7 
-11.2 

a   \   90 

130 115 
1,830 1   580 14.5 

-0.2 
-   3.18 

jlOO
 

112 97 
1,540 

1   59
0 

15 0.3 4.76 

jlio 

100 
85 

1,350 1600 
17.5 3 

47.6 

|12
0 

91 

76  
' 

1,220 

g   l^io 

20 5 79.5 

I   13
0 

85 

70 

1,120 
‘i  ;620 22 7 112 

f   140 
78 

63 

1,000 

S   /   630 
24 9 

143 

1   15
0 

68 
53 

842 

S   j   640 

29 
14 

222 

\   160
 

59 
44 

700  . 

O   1650 

34 

19 

302 

\   17
0 

50 35 556 1660 
39 

24 

382 

)l8
0 

35 

20 

318 1670 

48 

33 

525 

^   (l90 

28 
13 

206.5 I   680 

61 

46 

781  • g   )200
 

20 5 79.5 

1   690 

80 

65 
1   ,032 

^210
 

18 3 47.7 1   700 
105 

90 
1   ,430 

^   /220 16 1.3 20.65 \   710 
135 120 

1 ,920 \   i 1 i 

\720 

150 
135 

2,145 
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4.  Angle:  Engine  Dynamics  and  Crankshaft  Design/' 

Suggested  Design  Procedure 

1.  For  the  engine  selected  for  your  design,  construct  a   full-throttle—fuU- 
speed  theoretical  indicator  card. 

If  the  design  is  to  be  supercharged,  the  effects  of  the  altered  inlet  pressure 

must  be  considered  in  following  the  preceding  examples. 

2.  Round  the  corners  of  the  theoretical  card  to  form  the  actual  card,  and 

determine  the  card  factor. 

3-  From  the  actual  card  thus  obtained,  determine  the  indicated  horse- 

power of  the  engine.  Apply  the  assumed  mechanical  efficiency,  and  check 

the  brake  horsepower  obtained  with  the  originally  assumed  value  of  brake 

horsepower.  If  a   reasonably  close  agreement  is  not  had,  recheck  the  work 
for  errors. 

4.  Using  data  obtained  from  the  actual  card,  construct  a   total  7iet  gas- 

force— crank-angle  (uniform  angular  spacing)  diagram. 

5.  When  items  1   to  4   have  been  completed  and  put  in  proper  form,  submit 

for  checking  and  approval.  Keep  a   record  of  the  man-hours  required  for 
each  item. 

Problems 

1.  Using  the  basic  relations  of  thermodynamics  as  applied  to  the  modified 

air  standard  Otto  cycle,  prove  that  the  pressure  at  the  end  of  the  expansion 

stroke  will  be  as  in  Eq.  (3-2). 

2.  Referring  to  Fig.  3-1,  prove  that  when  (1  -f-  tan  a)”  —   (1  tan  jS)  the 

resulting  curve  has  the  equation  PV^  —   a   constant. 



CHAPTER  4 

ANALYSIS  OF  THE  CRANK  CHAIN 

4-1.  Forces  Due  to  the  Reciprocating  Parts, — In  converting 
the  reciprocating  motion  of  the  piston  into  the  rotating  motion 

of  the  crankshaft;  the  inertia  forces  of  the  reciprocating  parts 

play  an  important  part  in  determining  the  net  turning  effort. 

These  parts  must  be  started  from  rest,  accelerated  to  high  veloc- 

ity; slowed  to  rest;  accelerated  again;  and  stopped  a   second  time 

during  each  revolution.  At  the  speed  at  which  airplane-engine 
crankshafts  turn,  this  process  causes  quite  high  inertia  forces. 

Analysis  of  these  forces  will  be  first  considered  for  a   single- 

cylinder engine. 

4-2.  Piston  Velocity  and  Acceleration.* 

In  Fig.  4-1,  P   represents  the  piston-pin  center,  C   is  the  crank- 

pin  center,  M   is  the  center  of  crankshaft,  L   is  the  center-to-center 

length  of  the  connecting  rod  in  inches,  and  R   is  the  crank  radius 

in  inches  (=  1/2  the  stroke).  For  any  given  displacement  {S) 
in  inches  from  head-end  dead  center: 

S   =   L   +   R   —   L   cos  4>  —   R   cos  6 
CD  =   L   siiL  <j>  =   R   sin  B 

R   .   ' sm  (j)  =   Y"  sin  9 

cos  <j>  = 
sin2  <3i  =   ^   sin^  $   ~   -   sin^  6 

'   A   more  complete  method  of  analysis  is  to  be  found  in  reference  3. 
36 
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Therefore 

S   =   L   +   R   —   (1/2  —   sin^  R   cos  d 

The  velocity  corre|pondmg  to  ;S  is 

.   d$ 

(4-1) 

F   =   —   =   -   (1/2  - /It  O 

y   =   i2sin.^  + 

T   —   R   sin  d   I   1   “h ] 

I R-  sin2  e'p-  X   2R^  sin  9   cos  ̂    ̂   + 
R-  sin  6   cos  9   1   d9 

(1/2  —   i^2  gij^2 

jK  cos  ̂  

{L^-  ~R^-  sin2  ̂  

*2 

In  any  practical  engine,  for  a   given  condition  of  operation,  the 

angular  velocity  of  the  crankshaft  is  very  closel^^  uniform. 

Therefore,  dd/dt  =   ̂ ttN  where  N   is  in  revolutions  per  minute. 

Substitution  of  2TrN  in  the  preceding  expression  gives  V   in 

inches  per  minute.  Dividing  by  12  X   60  gives  velocity  in 

feet  per  second. 

2TrNR  sin  ̂    ̂   ,   R   cos  6 
r   x,p.s.  -   12  X   60  (1/2  - 

=   0.00873  iViC  sin  0   I   1   +   (4-2) 
‘   (Z/2  —   R-  sm2 

The  acceleration  in  feet  per  sec.  2   corresponding  to  Ff.p.a.  is 

dV 
^   =   0.00873iVi?  -^sin dt 

-Isii 

Z/2  —   R-  siii“  9 
L
-
 

sin“ 

dd 2R-  sin  9   cos  6 

dt 

A   =   0.00873iV2^: 

do 

dt 

cos  6   1   ^ 

\Ld  —   R~  sin‘-  dt  j 

(Z/2  __  R2  sin^ 
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but  cos^  d   —   sin^  6   =   cos  20, 

.   ^   ^   2 (sin  0   cos  ̂ )2(sin  0   cos  S)  sin^  20 
sm2  6   cos^  0   =     ^       =     -g — 

do 
dt =   2TrN  radians  per  min. radians  per  sec. 

Therefore, 

A   =   0.060914iV2i2  [ cos 
cos  20 

(Z.2  ̂    w   cos2  OY'^ 

sin-  26 

4:(L'^  —   sin^ J ft-  per  sec.=^  (4-3) 
The  preceding  formulas  for  velocity  and  acceleration  [Eqs.  (4-2) 

and  (4-3)]  would  be  cumbersome  to  use,  and  the  following  substi- 
tutions can  be  made  without  appreciable  error: 

Let 

L   =   (L^  -   sin2  6)^ 

Then, 

==  0.00873A7'i2  sin  9(1  +   Z   cos  9) 

=   0.00873iVi2  (sin  9   +   2   2_sin|
^s  0 

but  2   sin  6   cos  0   =   sin  26. 

Therefore, 

=   0.00873iV'E(sin  6   +   sm  20)  (4-4) 

The  term  (sin  0   +   3-^2^  sin  26')  is  called  the  piston-velocit]/ 
factor.  In  determining  the  piston  velocity  at  various  crank 

positions,  the  calculations  may  be  simplified  considerably  by 

taking  the  value  of  the  piston-velocity  factor  from  Table  4-1. 
For  the  acceleration, 

A   =   0. 0009 14iV^i7 (cos  6   Z   cos  26  +   ]y'^Z^  sin^  26) 

But  the  last  term  sin'^'2d  is  small  and  can  be  neglected  with- 
out appreciable  error. 

Therefore, 

A   =   0.00091 4iV'^i? (cos  6   A-  Z   cos  20)  ft.  per  sec.^  (4-5) 

The  term  (cos  0   Z   cos  26)  is  called  the  piston-acceleration 

factor.  Table  4-2  is  a   convenient  aid  in  determining  the  piston 
acceleration  at  various  crank  angles. 
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Table  4-1. — TANaENTiA'i^- force  and  Piston-velocity  Factors 
Values  for  (sin  6   -(-  J-iZ  sin  29) 

0 1/^ 0 

3.50 3.75 4.00 4.25 4.5 

0 0.000 0.000 0.000 0.000 0-000 360 
0.112 0.110 0.109 O.IOS 0.  107 355 

10 0.223 0.219 0.216 0.214 

0.212  • 

350 
15 0.330 0.326 0.322 0.318 0-314 345 
20 0.434 0.428 0.422 0.417 0.413 

340 

25  1 

0.532 0.525 0.518 0.513 
0.508 335 

30 0.624 0.616 0.608 0.602 0.596 
330 

35 0.708 0.699 0 . 691 0.684 0.678 

325 
40 0.784 0.774 

[   0.766 
0.759 

0-752 320 
45 0-850 0.840 0.832 0.825 0.818 

315 
50  ! 0.907 0.897 0.889 

0.882 0.875 
310 

55 0.954 0.945 0.937 0.930 

0 . 924 
305 

60 
0-990 0.982 

0.974 

0.968 
0 . 962 300 

65 1.016 1.008 1.002 0.997 
1   0.992 

!   295 

70 1.032 1.026 1.020 1.015 
1.011 

290 

75 1.037 1 .032 1.028 1.025 
1.022 

285 

80 
1.034 1 .031 1.028 1.025 1.023 

280 

85 1 . 021 1 .019 1.018 1.017 1.016 275 

90 
1.000 1.000 1.000 1.000 1 . 000 

270 

95 0.971 0.973 0.975 0.976 0.977 265 

100 0.936 0.939 0.942 0.945 0 . 947 

260 

105 0.894 0.899 0.903 0.907 
0.910 

1   255 

110 0.848 0.854 
0.859 0.864 0 . 868 

250 

115 0.797 0.804 0.811 i   0.816 
0.821 

245 

120 0.742 0 . 750 0.758 0.764 0.770 
240 

125 0.685 0 . 694 0.702 
1   0 . 709 0.715 

235 

130 0.625 0   -   635 0.643 0.650 0.657 
230 

135 0.564 0.5.4 0.582 0.589 0.596 
225 

140 0.502 0.512 0.520 0.527 0.533 

220 

145 0.439 0.448 0.456 0.463 0.469 

215 

150 0.376 0.384 0.392 0.398 
0.404 

210 

155 0.313 0.321 0.327 0 . 333 0.338 205 
160 0.250 0.256 0 . 262 0 . 267 0.271 200 

165 0.187 0.  192 0.196  1 0 . 200 0.203 195 

170 0.125 0.128 0.131 

0.134  1 

0.136 
190 

175 0.062 0.064 0.066 0 . 067 0.068 
185 

180 0.000 0.000 0.000 0 . 000 0.000 
180 
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Table  4-2. — Piston- acceleration  and  Inertia  Factors 

Values  for  (cos  &   -A  Z   cos  2,9) 

6 

l/Z 

3.5 3.75 
4.0 4.25 

4.5 

0 1.286 1.267 1.250 1   .235 1.222 360 

5 1 . 277 1.259 1.242 
1 .228 1.215 

355 
10 1 . 253 1.235 1 . 220 1 .206 1.  194 350 

15 
1,.213 

1.197 1.182 1.170 1.159 
345 20 1.159 1.144 1.131 1.120 1.110 340 

25 1.090 1.078 1.067 1.058 1.049 
335 

30 1.009 0.999 0.991 0.984 0.977 330 

35 0.917 0.911 0.905 0.900 0.895 325 

40 0.816 0.813 0.810 0.807 0.805 320 

45 0.707 0.707 0.707 0.707 0.707 315 

50 0.593 0.596 0.599 0.602 0 . 604  , 310 

55 0.476  ! 0.482 0.488 0.493 0.498 
305 

60 0.357 0.367 

^   0.375 

0.382 0.389 
300 

65 0.239 0.251 0.262 0.271 
0 . 280 

295 

70 0.123 0.138 0.151 0.162 0.172 
290 

75 0.011 0 . 028 0.042 0.055 0.066 

285 

.80 

-0.095 
-0.077 

-0-061 —   0.048 -   0 . 035 
280 

85 -0.194 
-0.175 

-0.159 —   0.145 
-0.132 

275 

90 —   0.286 —   0.267 
-0.250 —.0 . 235 

-0.222 270 

95 
-0.368 

-0.350 
-0.333 

-0.319 -0.306 
265 

100 -0.442 
-0.424 

-0.409 -0.395 -0.383 
260 

105 
-0.506 -0.490 -0.475 -   0 . 463 -0.451 

255 

110 -0.561 -0.547 -0.534 
-0.522 -0.512 250 

115 -   0 . 606 
-0.594 

-0.583 -   0 . 574 
-0.566 

245 

120 -0.643 
-0.633 

-0.625 
-0.618 -0.611 

240 
125 -0.671 

-0.665 
-0.659 -   0 . 654 

-0.650 

235 

130 -0.692 
-0.689 

-0.686 
-0.683 ^0.681 

230 
135 

-0.707 -   0 . 707 
-0.707 -   0 . 707 

-0.707 

|225 

140 -0.716 
-0.720 

-0.723 -0.725 
-0.727 

220 

145 -0.722 
-0.728 -0.734 

-0.739 -0.743 

215 

150 -0.723 
-0.733 —   0.741 

-0.748 -0.755 
210 

155 -0.723 
-0.735 —   0.746 —   0.755 -   0 . 763 

205 

160 -0.721 
-0.735 —   0.748 

-0.760 
-0.769 

200 

165 -0.718 
-0.735 -0.749 -0.762 

-0.773 

195 
170 -0.717 —   0.734 

-0.750 -0.764 -0.776 

190 

175 -0.715 
-0.734 

-0.750 
-0.764 -   0 . 777 

185 

180 -0.714 
-0.733 -   0 . 750 

-0.765 -0.778 
180 
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Table  4-3. — Piston-travel  Factors 

Values  for  (1  —   cos  d   -f-  sin-  6) 

3.5 3 .75 

1   4.0 

4 
.25 

j   4.5 

0 0.000 0. .000  ! 0 .000 0 .000 0 
.000 

360 5 0.005 0. .005 0 .005 0 .005 0 .005 

355 10 0.020 o; 
.019 0 .019 0 

.019 
0 .018 

350 
15 0.044 0, .043 0 .043 0 

.042  ; 

0 .042 
345 

20 0.077 0, .076 0 .075 0 .074 0 
.073 

340 
25 0.119 

0, 
.118 0 .116 0 .   115 0 .114 335 

30 0.170 
0. 
.167 0. .165 

0. 
.163 0 .162 

330 
35 0.228 0, .225 0. .222 0. 

.220 0 .217 325 
40 0.293 0. .289 

0. 

.286  1 

0. 

283 

0. 

.280 320 
45 0.364 

0. 
.360 0 .355 

0. 

.352 1   0 .348 315 

50 0.441 0. 
.435 0. .430 

0. 

,426 1   0, .422 310 

55 0.522 0, 
.516 0, .510 0. 505 

0. 

.500 
305 

60 0.607 0. .600 0, .594 

0. 

,588 

0, 

.583 

300 
65 

0.695 
0, 

.687 
0, .680 

0. 674 

0. 

.669 295 

70 0.784 0. 
.776 0. .768 

0. 762 0. 

756 
290 

75 0.874 0. .866 
0. 
.858 

0. 851 
0. 845 

285 

SO 0.965 
0. .956 0. .948 

0. 941 0. 934 

280 

85 1.055 1. ,045 I   1. .037 
1 . 

030 1. 023 
275 

90 1.143 1. 
133 

i .125 

1 . 

,118 
1. 111 270 

95 1.229 1. 220 
j   1. 

.211 1. 204 

1, 
197 

265 

100 1.312 1. 303 

;   1. 

I 
295 1 , 288 

1. 

282 260 

105 1.392 1- 383 
1 

i   1- 375 
1 . 

369 1. 363 255 

no 1 .468 

!   i< 

460 1. 
.452 

1 . 
446 1, 

440 250 

115 1.540 1. 532 

1   1. 

525 1 . 519 1. 514 245 

120 1.607 

600  * 

1. 594 1 . 
588 1. 583 240 

125 1.669 1. 663 
1. 

657 

1 . 

652 1. 648 
235 

130 1.727 1 . ,721 
1. 
.716 

1 . 
712 

1, 

70S 
230 

135 1.779 
1. 

774 

r. 

770 

1 . 

766 1 . 
763 225 

140 1.825 1 . ,821 !   1. 818 

1 . 

815 

1. 
812 

220 

145 1.866 1. 863 

1   1. 
860 

1 . 

858 

1. 
856 

215 
150 1.902 1. 899 1 .897 1 . 895 

1. 
894 

210 

155 1.932 
1 , 

930 1   1. 928 
1 . 

927 1 
926 

205 

160 1 . 956 
1 . 955 1. 954 

1 . 

943 1 953 
200 

165 1 . 976 i   ■ 975 1. .974 

!   i   • 

973 1 973 195 

170 1.989 1 . .989 
1. 989 1 . 

,   988 
988 

,   190 175 1   . 997 
1 . 

997 1 . 997 

1 . 

997 

1, 

997 
185 180 2.000 2. 000 

'   2. 

000 

^   2. 

000 

1   2, 

000 
180 
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With  reference  to  Eq.  (4-1),  by  expanding  the  radical 

(1/2  - 
by  means  of  the  binomial  theorem  and  neglecting  the  unim- 

portant terms,  the  piston  travel  may  be  written  as 

S   ~   R{1  —   cos  d   -h  sin2  6)  (4-6) 

The  term  (1  —   cos  6   -h  sin^  0)  is  called  the  'p'^ston-travel 

factor.  Values  of  this  factor  for  different  crank  angles  may  be 

calculated,  but  it  is  more  convenient  to  use  Table  4-3. 

4-3.  Example- — Determine  the  velocity  and  acceleration  for  the  master- 

rod  piston  in  Example  1,  Table  2-1. 

Procedure. — For  this  example,  N   =   2,000  r.p.m.,  R   —   5.375/2  =   2.6875  in.- 

andI//jR  =   4.  Hence,  from  Eq.  (4-4), 

Tf.p.a.  =   0.00873  X   2,000  X   2.6875  (sin  d   -f-  sin  26) 

By  using  values  of  the  piston-velocity  factor  as  found  in  Table  4-1,  the  values 

of  V   for  increment  crank  angles  are  found  (Table  4-4). 

Table  4-4 

e Tf.p.s. 6 
Ef.p... B 6 

Tf.p.H. 

0 0 
100 44.3 

190 
6.15 

280 48.3 

10 10.17 
110 

40.4 200 
12.3 290 48 

20 
19.85 

120 
35.6 210 18.4 300 45.75 

30 28.6 130 
30.2 

220 24.4 
310 

41.7 

40 36 
140 

24.4 
230 

30.2 
320 36 

50 41.7 
150 

18.4 240 
35.6 330 

28.6 

60  I 45.75 160 12.3 
250 

40.4 340 19.85 

70 
48 170 6.15 

260 44.3 350 10.17 

80 48.3 180 0 270 

47 

360 
0 

90 
47 

The  acceleration  from  Eq.  (4-5)  is 

A   =   0.000914  X   2,0002  X   2.6875  (cos  6   +   Z   cos  26) 

By  using  values  of  the  piston-acceleration  factor,  the  values  of  A   for  imn-e- 

ment  crank  angles  are  found  (Table  4-5). 

It  is  also  of  interest  to  determine  the  ])iston  traved.  By  using 

Eq,  (4-6)  and  proceeding  as  al>ovc,  the  values  vs.  crank  angle 

are  found  (Table  4-6). 
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Table  4-5 

6 .4,  ft. 

per  sec. 2 

e 
4,  ft. 

per  sec.- 

e A,  ft. 

per  sec.- 

9 

4,  ft. 

per  sec.- 
0 12,280 100 

-4,005 190 -7,350 
280 

-599 

10 12,000 110 -5,240 200 -7,340 

290 
1,482 20 11,110 120 -6,140 210 

-7,280 

300 
3,680 

30 9,730 
130 -6,740 

220 -7,100 

310 

5,875 
40 

7,950 
140 -7,100 230 -6,740 

320 
7,950 50 

5,875 
150 -7,280 240 -6,140 

330 
9,730 

60 
3,680 

160 
-7,340 

250 -5,240 

340 

11,110 
70 1,482 

170 -7,350 260 
-4,005 

350 

12,000 
80 
90 

-599 

-2,455 
180 -7,350 270 

-2,455 

360 
12,280 

Table  4-6 

9 
S,  in. 

9 

S,  in. 

9 

S,  in. 

9 

S,  in. 0 0 100 3.48 
190 

5.35 
280 

2.55 

10 0.0511 110 3.91 
200 

5.25 290 2.062 

20 0.202 120 4.29 210 

5.1 300 
1.596 

30 0.444 130 4.61 
220 4.89 

310 
1.158 

40 0.77 140 4.89 
230 

4.61 

320 

0.77 

50 1.158 150 
5.1 240 4.29 

330 0.444 
60 1.596 160 5.25 

250 

3.91 
340 

0.202 

70 2.062 170 5.35 
260 

3.48 

350 
0.0511 

80 
90 

2.55 

3.02 

180 5.375 
270 

3.025 360 
0 

Graphical  representations  of  Tables  4-4,  4-5,  and  4-6  are 

shown  in  Fig.  4-2. 

4-4.  Piston  Displacement,  Velocity,  and  Acceleration  for 

Articulated  Rods. — When  articulated  rods  are  used  as  in  the 

case  of  radial  engines  and  in  many  V-engines,  the  path  of  the 

link-pin  center  is  not  a   true  circle,  and  the  preceding  formulas 

for  displacement,  velocity,  and  acceleration  of  the  piston  are 

somewhat  in  error.  Formulas  for  the  articulated  system  can  be 

derived,  but  they  are  too  complex  for  practical  use,  and  a   graph- 
ical analysis  is  preferable. 

Since  V   =   dS/dt,  the  velocity  may  be  found  by  drawing 

tangents  to  the  piston-travel  curve  at  increment  positions  and 

measuring  the  slope.  For  instance,  in  Fig.  4-2  at  50  deg.  the 
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piston  travel  is  at  the  rate  of  3.2  in.  in  78  deg.  of  crank  travel. 

At  a   speed  of  2,000  r.p.m.,  the  time  in  seconds  corresponding 

to  78  deg.  is  60/2,000  X   78/360  =   0.0065  sec.,  and  the  velocity 

is  3.2/(0.0065  X   12)  ==  41  ft.  per  sec.,  which  closely  checks  the 

value  determined  by  calculation.  Similarly,  the  acceleration 

at  50  deg.  is  38/0.0065  =   5,850  ft.  per  sec.^  By  taking  a 
sufficient  number  of  points,  velocity  and  acceleration  curves 

may  be  plotted. 

Fia.  4-2. — Piston  travel,  velocity,  and  acceleration,  curves  for  Example  1. 

Figure  4-3  illustrates  a   method  of  finding  the  path  of  the  link- 

pin  center.  In  this  figure,  which  is  based  on  the  dimensions  of  a 

Curtiss  Conqueror  engine.  Pm  is  the  master-rod  piston-pin 

center.  Cm  is  the  crankpin  center.  Cl  is  the  link-pin  center 

located  at  2.406  in.  from  Cm,  and  Pl  is  the  link-rod  piston-pin 
center. 

Center-to-center  length  of  master  rod  =   10  in.  Center-to- 

center  length  of  the  link  rod  is  7.594  in.  Obviously,  angle 

C lCmPm  is  fixed  by  the  design  of  the  master  rod. 

Plotting  the  path  of  the  Jink-pin  center  consists  in  locating 

Cm  at  increment  angles  and  finding  the  corresponding  position 

of  Cz,.  The  link-rod  piston  positions  are  then  found  by  setting 
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the  compass  to  the  link-rod  length  and  striking  arcs  intercepting 

the  link-rod  cylinder  axis.  The  corresponding  piston-travel 

Fig.  4-3. — Graphical  constructioa  for  finding  the  path  of  the  link-pin  center 
for  a   Curtiss  V-1570  Conqueror  engine. 

60  100  140  180  220  260  300  340  20  60 

’   Croink  oingle,  deg. 

Fig.  4-4. — Piston  travel  vs.  crank  angle  for  a   Curtiss  V-1570  Conqueror  engine. 

positions  may  be  found  by  measuring  the  distances  from  the 

extreme  position  of  the  piston  pin  to  these  intercepts. 

Figure  4-4  shows  the  piston  travel  of  the  master-i‘od  and 

articulated-rod  cylinders  for  the  Curtiss  V-1570  engine.  As  the 
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slope  of  the  articulated-rod  curve  is  nowhere  very  different  from 

the  slope  of  the  master-rod  curve,  the  velocity  and  acceleration 

curves  will  also  be  closely  similar  (Fig.  4-5).  This  fact  justifies 

the  usual  simplifying  procedure  of  assuming  that  the  accelera- 

tion of  the  articulated-rod  pistons  may  be  taken  as  equal  to  that 

of  the  master-rod  pistons.  It  should  be  noted,  however,  that 

the  farther  the  link-pin  center  is  from  the  master-rod  center,  the 

greater  will  be  the  discrepancy.  It  is  also  of  importance  to 

note  that  increasing  this  distance  increases  the  stroke  of  the 

Fig.  4-5. — Piston  displacement,  velocity,  and  acceleration  for  the  Curtiss 
V--1570  Conqueror  engine  at  2,400  r.p.rn.  {From  S.A.E,  Journal,  Vol.  29, 
No.  4,  April,  1931.) 

articulated-rod  piston  with  consequent  results  on  compression 

ratio,  tendency  to  detonate,  etc. 

4-5.  Inertia  Forces  Due  to  Reciprocating  Parts. — The  forces 

necessary  to  accelerate  the  piston,  rings,  wrist  pin,  and  the  upper 

end  of  the  connecting  rod  are  directly  proportional  to  the  weight 

of  these  parts,  and  in  consequence,  it  is  desirable  to  keep  their 

weights  to  a   minimum  consistent  with  the  other  functions  that 

they  perform.  When  the  accelerations  are  known,  the  inertia 

forces  may  be  calculated  from 
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where  F   =   inertia  force,  lb. 

M   =   mass  of  reciprocating  parts. 

W   =   weight  of  reciprocating  parts,  Ib. 

A   =   acceleration,  ft.  per  sec.- 

g   =   32.2. 
It  is  convenieiitj  in  calculating  inertia  forces,  to  combine 

Eqs.  (4-5)  and  (4-7),  thus 

==  0.0000284iV2TEi2(cos  6   +   Z   cos  26)  (4-8) 

where  Fr  =   inertia  force  of  the  reciprocating  parts,  lb, 

N   =   r.p.m. 

W   =   weight  of  reciprocating  parts,  lb. 

It  =   crank  radius,  in. 

The  term  (cos  6   Z   cos  26)  Is  called  the  inertia  factor.  It  is 

most  conveniently  found  from  Table  4-2. 

4-r>. — Gas  pressure,  inertia,  and  resultant  forces  (in  respect  to  direction). 

^Method  from  Angle,  '"'Engine  Dy/iarnics  and  Crankshaft  DesignA) 

In  the  analysis  of  an  engine,  the  weight  of  the  reciprocating 

parts  must  be  known  to  tletcrmine  the  inertia  forces.  For  a   new 

unit,  this  involves  practically  a   complete  design  of  the  reciprocat- 

ing parts.  But  this  is  difficult  without  a   knowledge  of  the  stresses 

involved.  Obviously,  a   preliminary  weight  estimate  is  neces- 

sary to  determine  the  forces,  and  an  intelligent  estimate  neeevSsi- 

tates  a   reference  to  previous  attainments.  Figures  A 1-3  and 

A 1-4  are  of  assistance  in  this  respect. 
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4-6.  Example. — Estimate  the  inertia  force  due ’to  reciprocating  parts  at 
increment  angles  through  360  deg.  for  1   cylinder  of  Example  1,  Table  2-1. 

Procedure. — By  using  the  data  of  Example  1,  and  referring  to  Figs.  Al-3 

and  Al-4,  the  probable  weight  of  the  reciprocating  parts  will  be  0.25  lb.  per 

sq.  in.  of  piston  area,  or  a   total  of  0.25  X   4.5^  X   0.785  ==  4   lb.  per  cylinder, 

approximately.  This  weight  may  be  substituted  in  Eq.  (4-8),  but  inas- 

much as  the  accelerations  have  already  been  found  (Table  4-5),  the  forces 
4 

may  be  found  from  F   —   A   for  the  various  crank  angles.  Results  of 

these  calculations  are  shown  in  Table  4-7. 

Fig.  4-7. — Resultant  forces  of  gas  pressure  and  inertia  (in  respect  to  work). 

(^Method  from  Angle,  ‘’'Engine  Dynamics  and  Crankshaft  Design^') 

For  combining  with  the  gas-pressure  forces,  inertia  forces  may- 

be plotted  in  either  of  two  ways  (Figs.  4-6  and  4-7).  • 

4-7.  Torque  or  Turning  Effort  per  Cylinder. — The  part  of  the 

force  along  the  cylinder  axis  which  does  useful  work  is  the  com- 

Table  4-7 

a 
F,  lb. 

a 
F,  lb. 

a 

F,  lb. 

a 

F,  lb. 
0 

1,525 
100 

-498 

190 

-912 

280 

-74.5 

10 
1,491 110 

-650 

200 

-911 

290 184 

20 
1,381 

120 

-761 

210 

-905 

300 

457 

30 
1,210 

130 

-836 

220 

-881 

310 

730 

40 988 140 

-881 

230 

-836 

320 

988 

50 730 150 

-905 

240 

—   761 

330 1,210 60 
457 160 

-911 

250 

—   650 

340 

1   1,381 

70 184 170 

-912 

260 

-498 

350 1,491 80 

90 

-74.5 
-325 

180 

-912 

270 

-325 

360 
1,525 
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poaent  tending  to  rotate  the  crankshaft.  This  turning  force 
may  be  expressed  in  terms  of  the  force  parallel  to  the  cylinder 
axis.  Referring  to  Fig.  4-8,  P   is  the  piston-pin  center,  C   is  the 

crankpin  center,  and  M   is  the  axis  of  the  crankshaft.  ’ 
D 

£ 

Fig.  4-8. — Crank-ohaia  diagram  Ulustrating  the  method  of  determiaine  the 

torque.  ^ 

In  the  figure,  the  force  parallel  to  the  cylinder  axis  isFc.i  and  the 
force  in  the  connecting  rod  is  PB  (=  Fcr).  From  the  diagram, 

(1)  DE  =   CE  cos  {6  +   (f>)  —   H,  the  component  tending  to bend  the  crankshaft. 

(2)  CD  =   CE  sin  {6  +   <t>)  =   T,  the  component  tending  to rotate  the  crankshaft. 

(3)  CE  =   PB  = COS 

Siibsituting  (3)  in  (1), 

H   =   X   cos  (6  +   d>) 

cos  ^ 
and  substituting  (3)  in  (2), 

T   =   X   sin  (d  + 

cos  ^ 
If  F CA  is  in  pounds  and  R   is  in  inches,  the  torque  Q   is 

Q   ̂   TR  =   R   X   Fca  ■   in  pound-inches 

However,  it  is  best  to  have  the  equation  for  T   in  terms  of  9   only 
as  <i>  is  difficult  to  determine;  hence 

    (^  +   sin  6   cos  4>  -f-  cos  6   sin  d> 
—   r   CA  L   — cos  cos  0 



50 AIRCRAFT  ENGINE  DESIGN 

but 

cos  ̂    =   A   / 1   ̂    ̂   ^ 

and 

sin  <p 

substituting sin^ 

7? 

Y   sin  6   =   Z   sin  6 

T   ̂   Fc sin  6   a/  1   —   Z^  sin^  d   +   cos  6   Z   sin  6 

T   =   sin  ̂    (   1   + 

(■ 

1   —   Z^  sin‘^  0 Z   cos  $ 

\/ 1   —   Z‘^  sin^  6 
) 

The  expression  (Z'^  sin'-^  d)  is  small  and  may  be  neglected  with- 
out appreciable  error.  Then 

T   ~   Fca  sin  6{1  +   Z   cos  0) 

=   Fc7^(sin  6   +   Z   sin  6   cos  6) 

but  2   sin  9   cos  B   —   sin  26 

Therefore, 

T   =   Fc^  (   sin 

Z   . 

2.sin 

(4-9) 

The  term  [(sin  6   {Z/ 2   sin  26)]  is  called  the  tangential- force 

factor,  and  it  is  most  conveniently  found  from  Table  4-1. 
The  torque, 

Q   (in  Ib.-ft.)  =   T   (in  lb.)  X   R   (in  ft.) (4-10) 
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4-8.  Example. — For  the  engine  selected  in  Example  1,  plot  a   curve  of 

torque  per  cylinder  against  crank  angle  through  one  complete  cycle. 

Procedure. — Values  of  Fca  (   =   the  net  or  resultant  force  parallel  to  cylinder 

axis)  are  read  from  Fig,  4-6,  The  resultant  turning  effort  and  torque  at 

increment  crank  angles  obtained  from  Eqs.  (4-9)  and  (4-10)  are  given  in 

Table  4-8,  The  torque  per  cylinder  is  shown  graphically  in  Fig.  4-9. 

Table  4-S 

e 
F 

(lb.) 

T 

(lb.) 

Q 

(Ib.-ft.) 
6 

F 

(lb.) 

r 
(lb.) 

Q 

(Ib.-ft.) 

0 620 0 0 370 

— 1,4SS 

-321 -71.9 

10 
4,309 930 208 380 

—   1,354 

-571 

-128.0 

20 
5,220 2,200 

493 390 

-1,183 

—   720 

-161 

30 5,230 3,180 712 
400  1 

—   961 

-736 — 165 

40 
4,172 3,200 

716 410 

—   703 

-625 
-140 

50 3,360 2,980 
667 420 

-430 —   419 -93.8 

60 2,768 2,690 
603 

430  i 

—   157 

—   160 

—   35.8 

70 2,436 2,480 
555 440 

48 

49-4 

11 

SO  j 

2,255 2,320 
520 450 

352 352 78.9 
90 2,155 2,155 

482 460 471 

444 

99.5 

100  ! 2,038 
1,920 

430 470 677 
582 

130 

110 
2,000 1,720 385 

480 

734 

556 124.5 

120 
1,980 1,500 

336 
490 

809 520 
116.5 

130  1 
1,956 1,258 

284 500 
834 

434 

97.1 
140 

1,880 978 
219 510 878 344 77.0 

150 
1,747 684 153 520 

884 

232 52.0 

160 
1,610 422 94.5 530 885 

116 26.0 

170 
1,468 192 43.0 

540 
SSS 0 0 

180 
1,230 

0 0 550 

-893 
-117 

-26.2 

190 -1,119 
—   146 —   32.7 

560 

-897 

-235 
-52.6 

200 
—   990 —   259 —   58.0 

570 

-894 
—   350 

—   78. 4 

210 
—   953 —   374 -88.7 

580 

-SS4 

-460 

-103.0 

220 
—   902 

-469 
-105 

590 

-841 
-541 

-121.0 

230 
—   857 —   558 

—   125 

600 

-80S 
-613 

-137 

240 
-782 

-593 
-133 

610 

-730 -   627 

-140 

250 

-677 
-582 

-130 

620 

-620 
-584 —   131 

260 
—   519 

-489 
-109.5 

630 

-468 
-468 

-105 

270 
—   352 

-352 -78.8 

640 

-297 —   305 -68.3 

280 

-95 
-97.6 —   21.9 

650 

-118 
-120.4 

-27.0 

290 163 166 
37.2 660 

75 

73 

16.3 

300 436 424 95.0 670 
205 182 40.8 

310 709 630 141.0 680 207 
159 

35.6 
320 967 740 166.0 690 

178 10S.4 24.3 

330 
1   , 1 89 722 

162.0 
700 

—   50 
-21 .1 

-4.72 

3   10 1   ,3(i0 574 128. 5 
710 

-430 

-93 

-20.8 

350 1   ,470 318 71 .2 720 

—   620 

0 0 

3()0 1   , 504 1   0 0 
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4-9.  Torque  Reaction. — The  reaction  to  the  torque  force  is 

the  piston  side  thrust.  Referring  to  Fig.  4-8,  the  side  thrust  is 

represented  by  the  force  vector  Fqt  and  from  the  diagram 

=   Fca  tan  but 

tan  <j>  = 

sin  <j> 

cos  <j> 

hence 

R/L  sin^         sin  6 

'v/l  —   (RyL^)  sin^  0   ->/ (L/Ry  ~   sin^  d 

Fca  sin  6 

■V{L/Ry  —   sin2  ̂  

(4-11) 

It  should  be  noted  that  the  shorter  the  connecting-rod  length 

L   in  proportion  to  the  crank 

radius  Ry  the  less  the  over- 

all dimensions  of  the  engine 

but  the  greater  the  side-thrust 

component  and  hence  the  rela- 
tive friction  and  wear  in  the 

cylinder. 
An  example  of  variation  of 

piston  side  thrust  with  crank 

angle  is  shown  in  Fig.  4-10. 

4-10.  Total  Engine  Torque. 

For  the  purposes  of  design,  it 

may  be  assumed  that  the  torque  curves  for  all  cylinders  will 

be  the  same.  Hence,  to  determine  the  total  turning  effort 

Fig.  4rl0. — Variation  of  piston  side 
thrust  for  a   typical  aircraft  engine. 

(From  Angle,  '"Engine  Dynamics  aTid 

Crankshaf  t   D esign .   ”   ) 

Cylinder  Numbers 
12  3   4 

CL3 

180 

360 

6 
540 

720 

p c E I 

E p I c 

I E C p 

C I P E 

Fig.  4-11. — Usual  crank-arm.  ar- 

rangement for  four  cylinder  in-line 
engines. 

Fig.  4-12.  —   Diagram  for 

determining  firing  orders  in 

conventional  four-cylinder  in- 
line engines. 

of  the  engine,  it  is  merely  necessary  to  space  the  individual 

cylinder  curves  properly  with  respect  to  crank  angle  and  add  the 



ANALYSIS  OF  THE  CRANK  CHAIN 
53 

ordinates.  To  determine  the  angular  spacing,  it  is  necessar\^ 

to  know  the  arrangement  of  the  crankshaft  crank  arms  and  the 

firing  order  in  the  C3"linders. 
/   2   3   4   S   6 

Fig.  4-13. — Usual  eraiik-arin  arrangement  for  six-cylinder  in-line  engines. 

Cylinder  Numbers 

in-line  engines. 

For  foiir-cyliniler  in-line  engines,  the  usual  method  of  arrang- 

ing the  crank  arms  is  shown  in  Fig.  4-11.  The  firing  order  may 
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be  found  from  a   diagram  such  as  Fig.  4-12.  In  this  figure,  the 

firing  order  is  1 -2-4-3.  The  other  possible  firing  order  for 

four-cylinder  in-line  engines  having  the  conventional  crank 

arrangement  shown  in  Fig.  4-11  is  1-3-4-2. 

The  usual  crank  arrangement  for  six-cylinder  in-line  engines  is 

illustrated  in  Fig.  4-13. 

A   method  of  determining  the  firing  order  for  six-cylinder 

engines  is  illustrated  in  Fig.  4-14.  In  this  figure,  the  firing  order 

is  1-5-4-6-2-3.  Other  firing  orders  are  1-2-3-6-5-4,  1-2-4-6-5-3, 

and  1-5-3-6-2-4.  The  firing  order  1-5-3-6-2-4  is  usually  con- 

sidered best  as  no  two  adjacent  cylinders  fire  in  succession. 

The  firing  order  for  conventional  single-bank  radial  engines  is 

1-3-5-7-9-2-4-6-8  for  nine-cylinder  engines,  and  the  sarpe  pro- 

cedure applies  for  a   lesser  number  of  cylinders.  The  reason  for 

using  an  odd  number  of  cylinders  is  obvious. 

American  airplane  engines  are  usually  designed  to  rotate 

clockwise  when  viewed  from  the  end  opposite  the  propeller. 

Customary  methods  of  numbering  the  cylinders  are: 

1.  For  in-line  engines: 

•©  ©   ©   ©   ©   O 
2.  For  V-engines:  ^ 

However,  numbering  of  cylinders  is  largely  arbitrary,  and  many 

engines  differ  from  the  preceding  method  of  numbering. 

3

.

 

 

For  single-bank  radial  engines,  the  cylinders  are  numbered 

in  the  direction  
of  rotation. 

4-11.  Example. — Determine  the  firing  order,  and  plot  a   curve  of  total 

engine  torque  for  Example  1,  Table  2-1. 

Procedure. — In  a   five-cylinder  single-bank  radial,  the  firing  order  will 

necessarily  be  1-3-5-2-4.  The  angular  spacing  of  the  cylinder  center  lines 

is  =72  deg.  In  spacing  the  individual  torcpie^  curves  with  No.  1 

cylinder  starting  expansion  at  0   deg.,  No.  3   will  start  at  144  deg.,  No.  5   will 
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start  at  2S8  deg.^  No.  2   will  start  at  432  deg.,  and  No.  4   will  start  at  576  deg. 

Individual  torque  curves  for  the  five  cylinders  and  the  curve  of  resultant 

torque  for  the  engine  are  shown  in  Fig.  4-15. 

The  mean  torque  is  found  by  taking  the  area  under  the  resultant  engine 

torque  curve  and  dividing  by  the  length.  The  mean-torque  line  is  located 

at  a   height  above  the  zero  line  equal  to  the  quotient. 

40  80  120  160  200  240  280  320  360  400  440  480  520  560  600  640  680  720 
Crank  angle,  deg. 

Fig.  4-15. — Torque  variation  i>er  cycle  for  Example  1.  Ratio  of  max  Q   /   mean 

<?  =   2.14. 

‘A  check  on  the  work  is  possible  at  this  stage,  for  the  mean  value  of  torque 
as  found  is  the  indicated  torque  of  the  engine;  hence 

•   u..  _   SttAQ  _   27r  X   2,000  X   410  _   , 

33,000  33,000 

For  the  assumed  niechaiiical  efficiency  of  S5  per  cent  (Par.  3-3)  the  brake 

horsepower  is 

b.hp.nia-x  =   156  X   0.85  =   133 

The  originally  assumed  brake  horsepower  was  based  on  a   cylinder  dis- 

placement of  82-5  cu.  in.  (Par.  2-4),  but  the  torque  was  based  on  a   cylinder 

displacement  of  4.5-  X   0.785  X   5.375  85.5  eu.  in.  Hence  the  horsepower 

based  t)n  the  original  displacement  will  be  about  (82.5  85.5)  X   133  =   128. 

I^his  is  within  Ic'ss  than  2.5  pta  cent  of  the  t)riginany  assumed  value  of 
125  b.hp.,  and  therefore  indicates  that  no  serious  errors  have  been  made  in 

the  calculations. 
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4-12.  Torque  Variation  with  Number  of  Cylinders  and 

Cylinder  Arrangement. — In  a   one-cylinder  engine,  the  torque  is 
negative,  against  rotation,  for  a   large  portion  of  the  cycle. 

Hence  to  keep  the  engine  turning,  it  is  necessary  to  use  a   rela- 

tively heavy  flywheel.  This  is  obviously  not  practical  for  air- 

plane engines,  and,  although  the  propeller  acts  to  a   considerable 

extent  as  a   flywheel,  because  of  its  mass,  it  is  desirable  to  use 

several  cylinders  to  reduce  the  torque  variation  as  well  as  increase 

the  total  power  output.  Figure  4-16  shows  the  effect  of  number 

of  cylinders  and  arrangement  on  torque  variation  and  ratio  of 

maximum  to  mean  torque. 

r f\ vcA n 
O \ff\ 0 3 

0   Fourcyh'nder  in  !me.  Max/mean Q=2.94  720 

'5  ̂  w % m 0   Eightcyllnder60deg.vee.Max/mcanQ=  1.7  720 

0   Seven  cylmder  rofdioil  Max/meotn  Q=l.45  720 

Fig.  4-16. — Effect  of  number  of  cylinders  and  arrangement  on  torque  variation. 

(From  Angle,  ‘‘'Engine  Dynamics  and  Crankshaft  Design.'’^ ) 

Suggested  I>esign  Procedure 

Important.  Make  all  constructions  and  curves  to  a   large  cnouj^h  scale 

to  permit  accurate  readings  of  values.  Size  B   or  larger  drawing  paper  is 

recommended.  Keep  a   record  of  the  man-hours  required  on  cacdi  item. 

1.  For  the  engine  selected  for  your  design,  construct  curves  of  piston 

travel,  velocity,  and  acceleration  through  360  deg.  of  crankshaft  travel  (for 

one  cylinder) . 

2.  Estimate  the  weight  of  reciprocating  parts,  and  (^')^\strlutt  a   curves  of 
reciprocating  inertia  force  vs.  crank  angle  (through  720  deg.  of  crankshaft 

travel). 
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3.  Superimpose  the  gas-force  curve  (see  Suggested  Design  Procedure, 

page  35 ;   item  4)  on  the  reciprocating  inert ia-foree-curve  (see  item  2   above) 

coordinates,  and  plot  a   curve  of  resultant  force  parallel  to  the  cylinder  axis. 

4.  Construct  a   single-cylinder  torque  curve  (through  720  deg.  of  crank- 

shaft travel),  and  draw  a   line  on  the  diagram  representing  the  mean  torque. 

Determine  the  ratio  of  maximum  to  mean  torque,  and  place  the  value  found 

on  the  diagram. 

5.  Construct  a   curve  of  piston  side  thrust  vs.  crank  angle  (through  720  deg. 

of  crankshaft  travel). 

6.  Determine  the  firing  order  to  be  used,  plot  a   curve  of  total  engine 

torque  vs.  crank  angle  (through  720  deg.  of  crankshaft  travel),  and  draw  a 

line  on  the  diagram  representing  the  mean  engine  torque.  Determine  the 

ratio  of  maximum  to  mean  torque,  and  place  the  value  found  on  the  diagram. 

7.  By  using  the  mean  engine  torque  value  found  in  item  6,  determine  the 

indicated  horsepower  and  brake  horsepower  for  your  engine..  If  the  brake 

horsepower  thus  determined  does  not  agree  within  5   per  cent  of  the  originally 

assumed  value  of  brake  horsepower  (Suggested  Design  Procedure,  page 

24,  item  2),  recheck  the  work  for  errors. 

8.  When  items  1   to  7   have  been  completed  and  put  in  proper  form,  submit 

for  checking  and  approval. 
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CHAPTER  5 

ANALYSIS  OF  BEARING  LOADS 

6-1.  Crankshaft-bearing  Loads. — Before  the  necessary  sizes 
of  the  various  crankshaft  bearings  can  be  determined,  it  is 
essential  to  know  the  loads  to  which  they  will  be  subjected,  and 
before  all  these,  loads  can  be  determined,  it  is  necessary  to  know 
approximately  the  dimensions,  i.e.,  the  mass  of  the  moving  parts. 

Obviously,  this  knowledge  necessitates*  the  making  of  assump- 
tions based  on  the  past  experience  of  the  designer  or,  in  the 

iPia.  fi-1. — Method  of  determining  the  resultant  force  on  the  crankpin  for  an 
engine  having  one  cylinder  per  crankpin. 

case  of  student^^  of  other  designers.  Only  by  utilizing  the  results 
of  previous  successful  experience  can  an  exhorbitant  amount 
of  triaband-error  effort  be  avoided. 

5“2.  Resultant  Force  on  the  Crankpin. — The  resultant  force 
on  the  crankpin  may  be  found  most  readily  by  combining 

graphically  the  resultant  forces  along  the  connecting-rod  axes 
with  the  centrifugal  forces  due  to  the  weight  of  the  lower  end 
of  the  connecting  rod. 

Referring  to  Fig.  5-1,  Fca  is  the  resultant  force  along  the 
cylinder  axis  and  Fc  is  the  centrifugal  force  due  to  the  rotating 
weight  of  the  connecting  rod. 

The  acceleration  toward  the  axis  of  a   rotating  body  necessary 

to  keep  the  body  moving  in  a   circle  is  v^/r;  hence  the  centrifugal 
force  on  the  body  is 58 



ANALYSIS  OF  BEARING  LOADS 
59 

Fc  =   MA  =.!/-= 

where  Fc  ==  centrifugal  force,  lb. 
=   mass. 

A   =   acceleration. 

V   —   linear  velocity,  ft.  per  sec. 

7'  —   radius  (crank  arm),  ft. 

Wc  =   centrifugal  weight,  lb.  (   ==  the  rotating  weight  on  the 
crankpin  for  the  case  under  consideration). 

g   =   acceleration  of  gravity  (==  32.2  ft.  per  sec.-). 
But 

2wRN 

12  X   60 

where  n   =   r.p.s. 

N   =   r.p.m. 

R   =   crank  arm,  in. 
Hence,  by  combining  and  reducing 

=   0.0000284TFciV2^  (5-1) 

The  centrifugal  force  is  laid  off  to  scale  along  the  crank  arm 

from  the  crankshaft  axis  M,  Fcb  is  the  component  of  F   ca 

along  the  connecting  rod  axis.  From  the  diagram, 

cos  4> 

but  from  Par.  4-2, 

cos  (p  =   —   f   5   V   sin-  6 

Therefore 

^   [1  -   {R/LY  sin‘-=  (9]» 

Vector  Fcr  is  laid  off  from  the  end  of  vector  F c   and  parallel  to  the 

axis  of  the  connecting  rod.  The  resultant  Fr  closes  the  force 

triangle. 

Angle  a: '   represents  the  direction  of  the  resultant  force  with 
respect  to  the  cylinder  axis,  d   with  respect  to  the  crank  arm,  and 

y   with  respect  to  the  connecting  rod.  Resultant  forces  on  the 

crankpin  are  usually  plotted  as  polar  diagrams.  Figure  5-2a 
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shows  polar  diagrams  for  {A)  an  automotive  engine  and  (jB)  an 

aircraft  engine  each  plotted  with  respect  to  the  cylinder  axis. 

Figure  5-25  shows  the  data  of  Fig.  5-2a  (diagram  B')  plotted  with 
respect  to  the  crank-arnr  axis.  The  effect  of  engine  speed  and 

Fig.  5~2(a). — Polar  diagrams  of  resultant  forces  on  in-line  engine  crankpins 
with  respect  to  the  cylinder  center  lines.  (A)  Small-bore  high-speed  automotive 
engine  with  relatively  heavy  piston.  {B)  Larger-bore  aircraft  engine  with 
relatively  lightweight  piston. 

of  relative  magnitude  of  gas  pressure  and  reciprocating  inertia 

forces  is  readily  apparent. 

When  more  than  one  connecting  rod  is  attached  to  a   given 

crankpin,  the  vector  F cr  must  be  included  for  each.  Figure  5-3 

shows  the  method  of  finding  the  resultant  force  on  the  crankpin 

for  a   V-type  engine.  Figure  5-4  shows  polar  diagrams  with 
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respect  to  (a)  the  engine  axis,  {b)  the  crank  arm,  and  {c) 

the  left  connecting  rod  for  the  engine  in  Fig.  5-3. 

When  many  connecting  rods  are  attached  to  one  crankpin 

through  link  pins,  the  determination  of  crankpin  bearing  loads 

Fig.  5“2(&). — Polar  diagram  of  resultant  forces  on  an  in-line  engine  crankpin 
with  respect  to  the  crank  arm.  This  diagram  corresponds  to  {B)  in  Fig.  5-2  (a). 
The  diagram  is  most  easily  constructed  by  assuming  that  the  crank  arm  remains 
fixed  and  the  cylinders  rotate  backward  at  increment  angles. 

may  be  simplified  somewhat  assuming  that  the  forces  in  the 

articulated  rods  pass  through  the  center  of  the  crankpin.  This 

assumption  is  not  strictly  correct,  but  it  gives  results  sufficiently 

accurate  for  preliminary  design  purposes. 
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Fig.  5-3. — Method  of  finding  the  result- 
ant force  on  the  crankpin  of  a   V-type 

engine.  (^From  Angle,  Engine  Dynamics 
and  Crankshaft  DesignC^") 

60 
A 
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£40 Fig.  5-4.  (a) — Polar  diagram  of 
resultant  force  on  V-type  engine 
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Fig.  5-4  (6). — Polar  diagram  of 
resultant  force  on  V-type  engine 
crankpin  with  respect  to  crank  arm. 
{From  Angle,  Engine  Dynamics 
and  Crankshaft  Design^') 

PiQ.  5-4(c) .   Polar  diagram  of  resultant 
•torce  on  V-type  engine  erankpin  with  re- speet  to  loft  connecting  rod.  (From  A   nale, 

^no%nc  dynamics  and  Crankishnfl 
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6-3.  Example. — Construct  a   polar  diagram  of  crankpin  bearing  loads  for 

the  engine  selected  in  Example  1,  Table  2-1. 

Procedure, — From  Fig.  Al-o,  the  probable  rotating  weight  per  crankpin 

for  a   125-hp.  engine  of  five  cylinders  will  be  about  10  lb.  For  a   speed  of 

2,000  r.p.m.  and  a   crank  radius  of  2.6875  in.,  the  centrifugal  force  will  be 

[from  Eq.  (5-1)] 

Fc  ==  0.00002S4  X   10  X   2.6S75  ==  3,050  lb. 

The  component  of  force  along  the  connecting-rod  axis  Fcr,  varies  with 

the  value  of  Fca  and  0,  Table  5-1  shows,  for  the  example,  values  of  Fcr  at 

increment  angles.  It  is  to  be  seen  from  this  table  that  values  of  Fen  do  not 

differ  greatly  from  values  of  Fca-  For  many  purposes,  these  differences  are 

small  enough  to  be  neglected,  and  values  of  Fca  may  be  used  directly  in 

plotting  the  polar  diagram. 
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For  oxaiiiplc,  five  connecting  rods  aro  attachtal  to  the  crankpin,  and 

although  the  variation  of  n'sultant  force  kFca)  per  (*ycle  (.Fig.  4-6)  is  assunual 

to  be  the  same  in  eaich  cylinder,  for  any  given  angular  position  of  the  crank 

arm,  the  force  along  each  individual  connecting  rod  will  be  different  owing 
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to  the  fact  that  the  various  cylinders  are  operating  on  different  parts  of 

the  cycle.  Further,  some  of  the  connecting  rods  will  be  under  compression 

and  others  will  be  under  tension.  An  effort  to  combine  graphically  these 

forces  is  likely  to  result  in  some  confusion  if  a   system  of  keeping  things 

straight  is  not  used.  Figure  5-5  shows  a   system  that  has  been  prepared  for 

the  example,  and  a   similar  figure  may  easily  be  arranged  for  any  other  engine. 

In  this  figure,  the  force  in  the  connecting  rod  Fen' is  plotted  against  crank 
angle-  Forces  downward  along  the  cylinder  axis  are  taken  as  positive; 

upward  forces  are  considered  negative.  The  angular*  spacing  of  the  cylinder 

axes  is  =72  deg.;  hence  with  No.  1   cylinder  just  starting  expansion, 
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Fig.  5~5. — Methods  fox*  determining  Fcr  (the  force  along  the  connecting-rod 
center  line)  for  any  cylinder  of  Example  1   at  any  position  of  the  crank  arm  with 
respect  to  the  center  line  of  No.  1   cylinder. 

No.  3   (the  next  to  fire)  will  be  on  the  first  part  of  the  compression  stroktu 

Number  3   is  144  deg.  ahead  of  No.  1;  hence  its  angular  position  for  No.  1   at 

0   will  be  180  —   144  =   36  deg.  past  the  start  of  compression  (Fig.  5-5). 

Call  this  36-deg.  point  0   for  No.  3   cylirnhu,  and  lay  off  the  crank-ang](i 

scale  as  indicated.  Similarly,  the  0   point  may  be  found  for  the  other  cylin- 
ders and  scales  laid  off  as  shown. 

To  illustrate  the  use  of  the  scale,  suppose  No.  1   cylinder  is  at  the  80-deg. 

point  and  it  is  desired  to  find  the  forces  in  each  of  the  connecting  rods.  The 

solution  consists  in  reading  up  to  the  curve  from  tlie  80-deg.  point  for  ea(4i 

cylinder  and  taking  the  forces  directly  froni  the  ordinate;  senile. 

In  plotting  the  pedar  diagram  (Fig.  5-6),  the  cylinele;r  ax(;s  are  laid  off  fre)in 

Af  at  their  proper  angular  relation.  Then,  with  M   (the  crankshaft  axis)  as 

a   center,  the  crank  circle  (radius  R)  and  the  centrifugal-force  Fc  circles 
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are  constructed  to  the  dimension  and  force  scales,  respectively.  These 

circles  are  divided  into  the  desired  angular  segments  (20  deg.  in  this  instance). 

To  determine  the  resultant  force  on  the  crankpin  at  any  given  angular 

position  of  the  crank  arm,  say  100  deg.  in  the  direction  of  rotation  past  the 

beginning  of  expansion  in  No.  1   cylinder,  the  procedure  is  as  follows.  (a) 

Set  the  compass  to  the  length  of  the  master  connecting  rod  (dimension 

scale),  and  with  C   (the  100-deg.  position  on  the ’crank  circle)  as  a   center, 

Fia.  5-6. — Polar  diagram  of  resultant  force  on  a   five-cylinder  radial-engine 
crankpin  (Kxaniple  1). 

strike  arcs  intercepting  all  the  cylinder  center  lines  (designated  Pi,  P^,  Ps, 

etc.,  in  Fig.  .5-6).  Lines  connecting  these  intercepts  with  C   represent  the 

center  lines  of  the  various  connecting  rods.  (6)  For  a   crank  angle  of  100  deg., 

read  the  values  of  Fcr  for  the  various  cylinders  from  Fig.  5-5.  (c)  With 

the  100-deg.  intercept  on  the  Pc  circle  as  a   starting  point,  lay  off  force  vector 

Fcri  parallel  to  No.  1   cylinder  connecting  rod  PiP  and  in  the  direction  con- 

sistent with  Fig.  5-5.  From  the  end  of  Fcri,  lay  off  Fcr-2  parallel  to  P-^C  and 

in  the  proper  direction.  Continue  this  procedure  until  all  connecting-rod 

forces  are  laid  off.  The  resultant  force  on  the  crankpin  is  represented  by  a 
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vector  connecting  the  cranksliaft  center  (^AI)  and  the  end  of  the  last  con- 

necting-rod vector.  The  direction  of  this  resultant  with  respect  to  the 

center  line  of  cylinder  No.  1   is  a   and  with  respect  to  the  crank  arm  is  jS. 

By  connecting  the  ends  of  resultant  force  vectors  determined  at  iricrement 

crank  angles  through  720  deg.,  the  polar  diagram  (Fig.  5-6)  was  obtained. 
When  constructed  to  a   large  enough  scale  to  permit  close  accuracy,  polar 

diagrams  for  radial-engine  crankpins  are  symmetrical. 

It  should  be  noted  that  the  maximum  force- from  the  diagram  is  consider- 

ably greater  than  the  maximum  value  of  Fcr  (Fig.  5-5). 
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Fig.  5-7. — Method  for  determining  Pj  (the  inertia  force  along  the  cylinder 
axis  the  inertia  component  in  the  connecting  rod)  and  Fg  (the  gas  force  along 

the  cylinder  axis  ~   the  gas  force  in  the  connecting  rod)  for  any  cylinder  of 
Example  1   at  any  position  of  the  crank  arm  with  respect  to  the  center  line  of 
No.  1   cylinder. 

Alternate  Procedure.- — Construction  of  polar  diagrams  for  crankpins  of 

multicylinder  radial  engines  is  at  best  somewhat  tedious,  but  some  simpli- 

fication of  the  foregoing  procedure  may  be  made  by  considering  the  recipro- 

cating inertia,  gas,  and  centrifugal  inertia  forces  separately. 

It  has  already  been  observed  that  the  force  on  the  crankpin  due  to  the 

weight  of  the  rotating  part  of  the  connecting  rods  is  constant  (for  any  given 

engine  speed)  and  that  it  always  acts  along  the  crank-arm  center  line.  By 

reproducing  Fig.  4-6  in  Fig.  5-7  and  locating  the  positions  of  all  the  cylinders 

by  the  same  method  used  for  Fig.  5-5,  the  resultant  forces  Fqr^  due  to  gas- 

pressure  forces,  and  the  resultant  forces  Fjrj  due  to  inertia  of  the  recipro- 
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eating  parts,  may  be  found  separately.  Figure  5-S  shows  the  method  of 

determining  the  Fir  forces.  The  procedure  in  making  this  construction  is 

the  same  as  that  for  Fig.  5~6  except  that  inertia  forces  along  the  cylinder 

axes  are  used  (obtained  from  Fig.  5-7)  instead  of  the  total  force,  i.e.,  gas 

force  +   inertia  force.  It  is  seen  from  Fig.  5-S  that  the  resultant  force  on 

the  crankpin  due  to  the  inertia  of  reciprocating  parts  (Fir)  is  a   constant* 

reciprocating  inertia  forces  is  constant  in  magnitude  (for  a   given  engine  speed) 

and  that  it  always  acts  along  the  crank-arm  center  line.  (Values  apply  only 
to  Example  1.) 

(for  a   given  engine  speed)  and  that  it  always  acts  parallel  to  the  crank  arm. 

Hence  the  construction  need  include  only  one  dotermiiiatioii  of  Fir  to 

obtain  the  force  due  to  inertia  of  reciprocating  parts  for  any  angular  posi- 

tion of  the  crank  arm.  In  Fig,  5-8,  the  forces  due  to  reciprocating  inertia 

are  added  graphically  to  Fc,  i.e.^  construction  is  started  from  the  end  of  the 

Fc  vector.  Hence  the  end  of  the  F jr  vector  is  distant  from  M   an  amount 

equal  to  the  total  inertia  force  Fit- 

*   Except  for  three-evUnder  radials. 
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The  resultant  force  on  the  crankpin  due  to  gas-pressure  forces  is  found  by 

the  construction  shown  in  Fig.  5-9.  In  this  figure,  the  gas  forces  in  the 

various  cylinders  at  any  crank  position  are  obtained  from  Fig.  5-7  and 

summed  vectorially  in  the  same  way  as  for  Figs.  5-6  and  5-8.  The  gas- 

force  vectors  are  started  from  the  end  of  the  total  inertia-force  vector  Fjt; 

hence  a   line  connecting  Af  and  the  end  of  the  For  (resultant  gas  force)  vector 

will  give  the  magnitude  and  direction  of  the  total  resultant  force  Fn  on  the 

Fro.  5-9. — Alternate  method  of  constructing  a   polar  diagram  of  resultant  force 
on  a   five-cylindor  radial-engine  crankijiii  (Kxatnple  1). 

crankpin.  Determination  of  Fr  by  the  procedures  illustrated  in  Figs.  5-8 

and  5-9  is  simpler  than  by  that  used  in  Fig.  5-6,  because  Fit  no(‘d  be  found 

for  only  one  crank-arm  position,  and  because  the  gas  forces  during  most  of 

the  exhaust,  intake,  and  the  first  part  of  the  compression  strokes  arc  negligi- 

ble, This  last  reduces  the  number  of  vectors  to  be  summed  in  finding  For- 

If  carried  through  720  deg.  of  increment-angle  construction,  Fig.  5-9 

would  give  the  same  polar  diagram  as  was  obtained  in  Fig.  5-6.  However, 

for  obtaining  the  usual  information  desired,  f.e.,  the  maximum  and  nu^^an 

forces  on  the  crankpin,  this  procedure  is  unnecessary  as  thci  eycde  is  repc^atc'd 

n/2  times  during  each  revolution,  n   being  the  number  of  cylinders.  For  the 
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five-cylinder  engine  in  Example  1,  construction  at  increment  angles  through 

360/2.5  —   144  deg.  is  all  that  is  necessary  to  determine  the  maximum  and 

mean  resultant  forces  on  the  crankpin.  However,  for  beginners  in  polar- 

diagram  construction,  it  is  advisable  to  carry  the  construction  through  at 

least  twice  this  number  of  degrees  of  crank  travel  [z'.e.,  360/ (a/4)]  to  provide 
more  of  a   check  on  the  work  and  to  understand  more  completely  the  details 

of  construction.  Polar  diagrams  of  forces  on  crankpins  are  frequently 

constructed  with  respect  to  the  crank-arm  axis  (Fig.  5-45).  For  radial 

engines,  the  construction  is  illustrated  in  Fig.  5-10,  In  this  construction, 

the  total  inertia-force  vector  Fit  is  laid  off  to  scale  as  indicated  in  Fig.  5-10, 

the  starting  point  being  considered  as  the  crankpin  center  C   (corresponding 

to  M   in  Fig.  5-9).  From  the  end  of  the  Fit  vector,  resultant  gas  force  vec- 

tors Fgr  (determined  by  the  construction  illustrated  in  Fig.  5-9)  are  laid  off 

at  angles  8   to  the  Fit  vector  (5  also  equals  the  angle  of  the  gas-force  resultant 

Force  scale  :   4000  /b. 

Fio-  5-10. — Polar  diagram  of  the  resulting  force  on  a   five-cylinder  radial- 
engine  crankpin  with  respect  to  the  crank-arm  axis  (Example  Ij. 

to  the  crank-arm  center  line)  for  increment  crank  angles  through  at  least 

360/(ri/2)  deg.  By  connecting  the  ends  of  the  Fgr  vector  at  the  various 

crank  angles,  a   polar  diagram  of  gas  forces  with  respect  to  the  crank-arm 

center  line  is  obtained.  A   line  connecting  the  crankpin  center  C   and  the 

end  of  the  Fan  vector  at  any  of  the  given  crank  angles  designated  on 

the  polar  diagram  gives  the  magnitude  and  direction  ((d)  whth  respect  to  the 

crank-arm  axis  of  the  resultant  force  F r   on  the  crankpin  at  that  crank  angle. 

As  the  Fgr  vector  will  retrace  the  polar  diagram  loop  ?i/'2  times  per  revolu- 
tion, values  and  directions  of  Fr  will  also  repeat  n/2  times  per  revolution. 

Hence,  one  loop  is  sufficient  for  determining  the  maximum  and  mean  forces 

on  the  crankpin. 

The  forces  dxie  to  reciprocating  and  rotating  weights,  F ir  and  Fc,  vary  as 

the  square  of  the  engine  speed  [Kqs.  (4-8)  and  (5-1)].  Hence,  the  effect  of 

engine  speed  on  crankpin  loadings  may  readily  be  found  from  Fig.  5-10. 

For  instance,  tlie  inaxinuim  force  Fr  on  tiie  crankpin  is  (>,500  lb.  for  an 

engine  speed  of  2,000  r.p.ni.,  and  it  is  desired  tt)  know  tlie  niaxiinum  force  at 

2,400  r.p.in.  Assuming  that  the  gas  forces  remain  the  same, 
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o   400^ 
Fe(2j4Q0  r.p.m.)  =   6,500  ==1^  9,300  lb.  (approximately)* 

2,000 

From  this,  it  is  apparent  that  very  high  crankpin  loadings  are  likely  to 

occur  in  power  dives,  and  even  in  closed-throttle  dives  when  the  gas-force 

vector  is  negligible,  the  inertia  load  Fit  will  rise  to  high  values.  Location 

of  engine  r.p.m.  points  along  the  crank-arrn  axis  (Fig.  5-10)  adds  materially 

to  the  information  conveyed  by  the  diagram. 

5-4,  Crankpin  Bearing  Loads. — The  unit  loadings  on  bearings 
are  based  upon  the  force  per  square  inch  of  projected  bearing 

area,  i.e.,  the  diameter  of  the  crankpin  (or  journal)  times  its 

lengths  Numerous  factors  affect  the  allowable  loadings  such  as 

distortion  of  the  journal  or  connecting  rod,  condition  of  the 

lubricant,  relative  characteristics  of  the  journal  and  bearing 

metal,  and  rubbing  velocity.  On  the  assumption  of  sufficient 

rigidity  to  the  shaft  and  adequate  lubrication,  usual  mean 

bearing  pressures  range  from  750  to  2,000  lb.  per  sq.  in.  or  more 

of  projected  area,  and  maximum  pressures  range  up  to  5,000  lb. 

per  sq.  in.  (Tables  Al~5  and  Al-8).t 

Rubbing  velocity  is  the  relative  speed  with  which  a   point 

on  the  crankpin  or  journal  moves  by  a   point  on  the  inner  surface 

of  the  bearing.  It  may  be  calculated  as  follows: 

ttD 

l2 (5-3) 

where  V   =   rubbing  velocity,  f.p.s. 

D   =   crankpin  or  journal  diameter,  in. 

N   =.  engine  speed,  r.p.m. 

Rubbing  velocities  (Table  Al-5)  range  from  15  to  25  or  more 

feet  per  second,  but  in  more  recent  high-powered  engines,  30  to 

50  or  more  feet  per  second  is  proving  quite  satisfactory.  ^ 

Rubbing  factor,  or  PV  factor  as  it  is  sometimes  called,  is  the 

product  of  mean  bearing  load  in  pounds  per  square  inch  of 

projected  bearing  area  and  rubbing  velocity  in  feet  per  second, 

PV  factors  are  usually  considered  to  be  an  indication  of  bearing 

capacity.  Values  range  up  to  50,000  or  more  \viih  20,000  to 

*   The  maximum  force  is  slightly  less  owing  to  the  changed  angularity  {(3) 
of  vector  Fr  at  2,400  r.p.m.  Fr  may  be  found  more  accurately  by  first 

finding  Fit  at  the  desired  speed  and  then  scaling  Fr  from  the  diagram, 

t   See  reference  10  for  additional  data. 
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35,000  (depending  on  the  size  of  the  engine)  being  a   limit  recom- 

mended some  authorities.  Actually",  man^"  details  of  design 
contribute  in  determining  allowable  values. 

The  ratio  of  rubbing  velocity  to  unit  bearing  load  is  sometimes 

used  as  a   still  further  criterion  in  determining  allowable  bearing 

loads.  Lubrication  engineers  frequentty  express  the  conditions 

in  a   bearing  by  the  relation*^  ZN/P  where  Z   is  the  absolute 

viscosity"®  of  the  lubricant  in  centipoises,  N   is  the  speed  of  the 
journal  in  revolutions  per  minute,  and  P   is  the  bearing  load  in 

pounds  per  square  inch  of  projected  area.  Since  is  a   function 

[Eq.  (5-3)],  some  engineers  consider  V/P  as  a   better  expres- 

sion of  bearing  conditions  than  PV.  JMe^^er^  recommends  using 

a   value  of  V/P  >   0.016. 

5-6.  ‘Example. — For  the  engine  selected  in  Example  1,  determine  the 
projected  crankpin  area,  diameter,  and  length  if  the  allowable  maximum 

bearing  load  is  not  to  exceed  1,200  lb.  per  sq.  in.  of  projected  area,  the  PV 

factor  (based  on  mean  loads)  is  not  to  exceed  20,000,  V/P  >   0.016,  the 

rubbing  velocity  is  not  to  exceed  20  f.p.s.,  and  the  ratio  of  length  to  diameter 

of  the  crankpin  is  to  fall  within  the  usual  range  for  radial  engines  of  1,2  to  1.6 

(Table  A 1-5). 

Solution. — From  Par.  5-3,  the  maximum  force  on  the  crankpin  was  found 
to  be  6,500  lb.  and  the  mean  force  was  5,245  lb.  The  smallest  permissible 

projected  crankpin  area  is  6,500/1,200  =   5.4  sq.  in.,  and  the  corresponding 

mean  pressure  is  5245/5.4  =   970  lb.  per  sq.  in.  For  the  allowable  rubbing 

velocity  of  20  f.p.s.,  PV  =   970  X   20  =   19,400  <   20,000,  the  allowable 

rubbing  factor,  and  V/P  =   —   0,0206  >   0.016.  From  Eq.  (5-3), 

D 720F  _   720  X   20  _   ̂    ̂    • 

wN  TT  X   2,000 

A   5.4 

and L   2^ 

D   2.3 1.02 

This  L/D  ratio  would  very  likely  be  entirely  satisfactory,  but  it  is  below  the 

desired  range.  It  is  an  indication  that  little  ditfieulty  will  be  had  in  meeting 

the  bearing  requirements,  however.  Assume  E/X)  ==  1.25,  and  to  reduce  V 

below  its  allowable  limit,  let  D   =   2.25  in.  U^hen 

L   =--  1,25  X   2.25  =   2.82  in., 

A   =■-  2.25  X   2.82  =   6.35  in., 

5,245  „ 

=   825  lb.  per  sq.  m. the  mean  pressure 
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V TT  X   2.25  X ̂ ,000 
12  X   60 

19.65 

the  maximum  pressure 6,500 6.35 
1,025  lb.  per  sq.  in. 

PF  =   825  X   19.65 

V   19.65 
P   825 

=   0.0238 
16,200 

As  far  as  bearing  requirements  are  concerned,  for  the  example,  a   crankpin 

diameter  of  2.25  in.  and  an  effective  bearing  length  of  2.82  in,  ±   should  be 

easily  satisfactory. 

5“6.  Crankshaft  Dimensions. — To  perform  its  functions  prop- 
erly, an  engine  crankshaft  must  (a)  be  strong  enough,  to  withstand 

the  forces  to  which  it  is  subjected,  (b)  he  rigid  enough  to  prevent 

appreciable  distortion,  (c)  have  sufficient  ma^s  properly  dis- 

tributed so  that  it  will  not  vibrate  critically  at  the  usual  speeds 

at  which  it  is  operated,  (d)  have  sufficient  bearings  of  adequate 

size  to  handle  the  loads  with  available  lubricants,  and  (e)  for 

aircraft  engines,  have  the  shaft  as  light  as  possible.  Obviously, 

some  of  these  requirements  are  more  severe  than  others,  and  in 

meeting  the  difficult  requirements,  usually  the  less  difficult  will 

be  taken  care  of  automatically.  For  instance,  to  meet  the 

rigidity  and  vibration  requirements,  it  is  usually  necessary  to 

make  the  shaft  much  heavier  and  stronger  than  would  be  neces- 

sary for  (a).  Hence,  a   tedious  stress  analysis  is  generally 

unnecessary  and  seldom  made  on  modern  high-speed-engine 
shafts. 

The  present  purpose  (d)  is  to  investigate  main  bearing  loads 

and  determine  the  necessary  main  bearing  sizes.  To  do  this,  it 

is  necessary  to  know  the  crankpin  bearing  loads,  the  position 

of  the  main  bearings  with  respect  to  the  crankpins,  and  the 

inertia  loads  due  to  unbalanced  parts  of  the  crankshaft.  These 

last  two  items  necessitate  resort  to  past  experience,  if  a   great 

deal  of  trial-and-error  effort  is  to  be  avoided.  Unfortunately,  all 

too  few  data  have  been  assembled  on  crankshaft  details,  but 

some  assistance  may  be  found  in  Tables  Al-5,  A 1-0,  A 1-7,  A 1-8, 

and  Al-9- 

5-7.  In-line  and  V-engine  Crankshafts. — Typical  exampl(\s 

of  in-line  and  opposed-engine  crankshafts  are  shown  in  Figs.  5-1  1, 

5-12,  and  5-13.  For  air-cooled  engines,  crankshafts  will  usually 

have  to  be  proportionally  longer  than  for  water-cooled  engines 
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because  of  the  greater  over-all  diameter  (including  cooling  fins) 
of  the  cylinders.  This  may  necessitate  increasing  the  shaft 

sections  to  provide  sufficient  stiffness  and  rigidity.  To  avoid 

excessive  weight,  this  in  turn  sometimes  necessitates  the  use 

of  main  bearings  between  all  crank  arms  (Fig.  5-12),  To 

Fia.  5-11. — Continental  A-40  crankshaft — four-cylinder  opposed,  two  main 
bearings. 

Fig.  5-12- — Four-cylinder  in-line  crankshaft.  Tank-70,  five  nnain  bearings. 

„   ,0.&S"  0.74"  .0.74”  .0,6S"„ 

Fiu.  5-13-— Continental  A-50  crankshaft- ~   four-cylinder  opposed,  three  main 
bearings. 

permit  the  necessary  axial  spacing  of  crankpin  eeiitei's,  the  L/D 
ratio  of  bearings  may  be  increased  or  the  crank  arms  may  be 

set  at  an  angle.  To  keep  down  weight,  it  is  obviously  desirable 

to  space  the  cylinder  center  lines  as  closely  as  cooling  fins  and 

other  requirements  will  permit.  x\lso  for  the  same  reason,  for 

small  in-line  and  V-type  aircraft-engine  crankshafts,  counter- 
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weights  are  sometimes  omitted.  This  last  increases  the  main 

bearing  loads  due  to  inertia  forces  from  unbalanced  crank  arms 

and  crankpins  and  is  a   questionable  saving. 

Fig.  5-14. — Diagram  illustrating  a   method  for  finding  the  unbalanced  weight 

to  apply  in  determining  main  bearing  loads  in  in-line  and  V-engines. 

5-8.  Example. — With  reference  to  Pig.  5-14,  determine  the  added  load  on 

main  bearings  A   and  B   due  to  the  unbalanced  weight  of  the  crank.  Assume 

2,000  r.p.m.  and  a   density  of  shaft  material  of  0.28  lb.  per  cu.  in. 

Solution. 

Volume  of  crankpin  =   0.785  (4-1)  3   =   7.06  cu.  in. 

Weight  of  crankpin  ~   7.06  X   0.28  =   1.98  lb. 

Distance  to  center  of  gravity  =   3   in. 

Volume  of  unbalanced  part  of  crank  arms 

=   2X1X3X2.5-  0.785  X   1-  X   2   =   13.43  cu.  in. 

Weight  of' unbalanced  part  of  crank  arms  —   13.43  X   0.28  —   3.76  lb. 
Distance  to  center  of  gravity  —   3   in. 

Total  weight  of  unbalanced  parts  =   1.98  -f  3.76  =   5.74  lb. 

Distance  to  center  of  gravity  of  crankpin  and  unbalanced  parts  of  crank  arms 

==  3   in. 

The  centrifugal  force  on  the  unbalanced  crank  Is  Ifroin  Eq.  (5-1)] 

Fc  ■■  0.0000284  X   5.74  X '2,0002  X   3   =   1959.6  lb. 

This  load  may  be  assumed  to  be  divided  equally  between  the  two  adjacent 

main  bearings;  hence  each  bearing  will  be  subjected  to  a   load  of  979.8  lb. 

This  load  is,  of  course,  in  addition  to  that  imposed  by  the  forces  acting  on 

the  crankpin. 

The  use  of  chamfered  and  rounded  crank  arms  (Fig.  5-15) 

aids  materially  in  reducing  main  bearing  loads  by  reducing  the 

unbalanced  weight  and  distance  to  the  center  of  gravity.  Idieso 

refinements  are  usually  possible  without  sacrifice  of  cranksliaft 

strength  or  stiffness.  Chamfering  at  the  main  bearing  end  of 

the  crank  arm  serves  principally  to  reduce  the  weight  of  the  shaft. 

5-9.  Radial-engine  Crankshafts.— Although  the  addcul  weight 
is  undesirable,  it  is  always  necessary  to  counterbalance  radial- 
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engine  crankshafts  to  attain  static  balance  and  to  reduce  the 

unbalanced  loads  on  the  main  bear- 

ings. These  loads  are  much  greater 

in  a   radial  engine  due  to  the  greater 

number  of  connecting  rods  attached 

to  the  crankpin.  The  determina- 

tion of  the  size  of  counterweights 

will  be  considered  later;  their  only 

effect  in  connection  with  the  pres- 

ent consideration  of  main  bearing 

loads  is  in  permitting  the  assump- 
tion that  the  inertia  forces  are 

completely  balanced  by  the  counter- 

weights.^ Hence,  the  sum  of  the 

main  bearing  loads  at  any  crank 

angle  is  represented  b3^  the  gas-load 

vector  Fgr,  (Figs.  5-9  and  5-10)  at 
that  angle. 

The  principal  dimensions  of  sev- 

eral radial-engine  crankshafts  are 

given  in  Table  Al-9.  General  arx'angement  of  details  is  indicated 

in  Fig.  5-16. 

Fig.  5-15. — Crank  arm  details 

for  noncounter  weigh  ted  in-line 

and  V-type  aircraft-engine  crank- 
shafts. (A)  Methods  used  in 

chamfering  engine  crankshaft 

arms.  {B)  Typical  crank-arm 
contours.  {From  Angle,  Fngine 

I>7/7ianiics  and  Crankshaft  Design.''^) 

Fig.  5-16. — General  arrangement  of  typical  radial-engine  crankshafts.  (A) 

General  arrangement  of  the  Pratt  and  Whitney  Wasp  two-piece  crankshaft. 

(B)  General  arrangement  of  the  Wright  W'hirlwind  two-piece  crankshaft,  (C) 
General  arrangement  of  the  LeBlond  one-piece  crankshaft. 
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5-10.  Resultant  Forces  on  Main  Bearings. — Load  distribution 

on  crankshaft  main  bearings  cannot  be  determined  exactly 

because  of  uncertainty  as  to  the  effects  of  crankshaft  and  crank-- 

case  distortion,  misalignment  of  bearings,  bearing  clearances, 

etc.,  but  the  following  procedure  is  in  common  use  and  has 

proven  satisfactory  for  conventional  designs. 

In  in-line  and  V-engines  where  there  is  a   main  bearing  on  each 

side  of  the  crankpin,  the  forces  acting  on  the  crankshaft  bearings 

are  obtained  by  considering  the  force  at  the  crankpin,  together 

with  the  centrifugal  force  due  to  the  unbalanced  part  of  the  crank 

arms  and  crankpin  (when  counterweights  are  not  used),  to  be 

equally  divided  between  the  two  crankshaft  bearings  at  each 

side  of  the  crankpin.  The  load  on  end  maiii  bearings  may  be 

taken  as  one-half  of  the  load  on  the  adjacent  crankpin  bearing 

plus  (vectorially)  one-half  of  the  centrifugal  load  due  to  the 

crank  (when  the  shaft  is  not  counterbalanced).  The  loads  on 

intermediate  and  center  main  bearings  may  be  taken  as  the 

vector  sum  of  one-half  the  loads  due  to  each  adjacent  crank, 

i.e.,  one-half  of  each  adjacent  crankpin  load  plus  (vectorially) 

one-half  of  each  of  the  unbalanced  adjacent  crank-arm  loads. 

To  illustrate  the  procedure,  assume  that  Fig.  5-2a  (A)  repre- 

sents a   crankpin  polar  diagram  for  a   conventional  six-cylinder 

in-line  engine  having  crank  arms  arranged  as  in  Fig.  4-13  and  a 

firing  order  of  1-5-3-6-2-4.  Figure  5-17  shows  a   method  of 

finding  the  resultant  forces  on  the  main  bearings.  In  this 

figure,  'Fr^  is  the  resultant  force  on  crankpin  1   at  (=  30  deg. 
of  crank  angle  from  the  beginning  of  the  power  stroke).  The 

magnitude  and  direction  («i)  of  Fr^  is  found  in  Fig.  5-2a  (A). 

Fcsi  (Fig.  5-17)  is  the  centrifugal  force  due  to  the  unbalanced 

weight  of  crank  1.  (This  force  is  constant  for  a   given  engine 

speed  and  always  acts  along  the  crank-arm  axis.)  The  resultant 

force  on  main  bearing  1   is  Frm^  =   FrcJ2>  (Fig.  5-17),  and  its 

direction  with  respect  to  the  engine  axis  is  cri. 

The  resultant  force  on  main  bearing  2   is  determined  by  taking 

one-half  the  vector  sum  of  the  resultant  forces  at  cranks  1   and  2. 

Referring  again  to  Figs.  5-17  and  5-2a  (A),  F is  the  resultant 

force  on  crankpin  2   when  crank  1   is  at  i9i  deg.  from  the  beginning 

of  the  power  stroke  in  No.  1   cylinder.  Fcb^  iw  the  centrifugal 

force  due  to  the  unbalanced  ijart  of  crank  2,  F rc.,  is  the  vector 

resultant  of  Fr^  and  Fas^.  Frc^_^  is  the  vector  resultant  of  F/ec, 
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and  F RCz-  The  resultant  force  F on  main  bearing  2   is  equal 

to  one-half  of  F and  its  direction  with  respect  to  the  engine 

axis  is  0-2- 

An  alternate  method,  which  in  some  cases  simplifies  the 

construction  of  main-bearing  polars,  is  to  divide  each  vector 

-   at  0-1  dog.  Frm2  at  <r*2  deg. 

to  ̂    of  engine  to  '   .   of  engine. 

Fig.  5-17. — Method  of  finding  resultant  forces  on  the  main  bearings  of  in-line 
engines.  (Six-cylinder  crankshaft  illustrated.) 

component  by  2   before  applying  it  in  the  construction.  The 

resultant  vectors  are  then  Frm^,  etc.,  directly. 

In  finding  Fr^  and  Fr^^  it  is  necessary  to  take  account  of  the 

firing  order  as  well  as  the  angular  relation  of  the  crank  arms. 

To  reduce  the  confusion  in  doing  this,  the  system  illustrated  in 

Fig.  5-18  is  useful.  For  instance,  suppose  crank  1   is  30  deg. 

(   =   ̂ i)  past  the  beginning  of  the  power  stroke  and  it  is  desired 

to  know  the  value  and  direction  of  Fr.^.  From  Fig.  5-18,  crank  2 
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will  be  on  the  exhaust  stroke  and  at  the  27 0-deg.  position  in 

terms  of  crank  1.  Hence,  from  Fig.  5~2a  (A),  Fr^  is  the  resultant 

force  at  the  270-deg.  position,  and  its  direction  is  ol^,  deg.  with 

respect  to  the  center  line  of  the  cylinders.  Similarly,  F may 

be  found  for  any  position  of  crank  4,  etc.  Figure  5-18  applies 

only  to  the  crankshaft  and  firing  order  given,  but  a   similar  chart 

may  be  readily  constructed  for  any  other  engine. 

Fig.  5-19. —   (A)  End-main-bearing  and  {3)  kitermediate-maiii-bearing  polar 
diagrams  for  a   by  5^^-in.  six-cylinder  in-line  aircraft  engine  having  a 
crankshaft  and  firing  order  as  in  Fig.  5-18.  Angles  in  parentheses  0   are  relative 
positions  of  crank  arm  on  opposite  end  of  main  bearing  under  consideration. 

Figures  5-19  and  5-20  show  end-,  intermediate-,  and  center- 

main-bearing  polar  diagrams  for  a   six-cylinder  in-line  aircraft 

engine.  The  data  are  based  on  crankpin  loadings  as  shown  in 

Fig.  5-2a  (B)  in  which  the  cylinder  dimensions,  gas-pressure 

forces,  and  reciprocating  weights  are  the  same  as  for  Example  1. 

The  rotating  weight  has  been  taken  as  2.5  lb.  per  crankpin, 

and  the  speed  is  2,000  r.p.m.  The  unbalanced  weight  of  each 

crank  arm  is  assumed  to  be  6.835  lb.  at  crank  radius  distance 

from  the  center  of  the  crankshaft. 

In  single-bank  radial  engines,  it  is  usually  assumed  that  the 

inertia  forces  are  completely  balanced  by  the  crankshaft  counter- 

weights and  that  the  sum  of  the  main  bearing  loads  at  any  angular 
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position  of  the  crankshaft  is  represented  by  the  gas-load  vector 

Fgr  (Figs.  5-9  and  5-10)  at  that  angle. ^   In  keeping  with  the 

preceding  method  for  in-line  and  V-engine  shafts,  it  would  be 

logical  to  assume  that  each  main  bearing  took  one-half  of  this 
load.  However,  experimental  evidence  indicates  that  the  loads 

are  more  nearly  distributed  as  40  per  cent  to  the  rear  main 

Fig.  5“20. — Center-main-bearing  polar  diagram  for  a   43^-in.  by  5%-in.  six- 
cylinder  in-line  aircraft  engine  having  a   crankshaft  and  firing  order  as  in  Fig. 

5-1 S.  Angles  in  parentheses  ()  are  relative  positions  of  crank  arm  on  opposite 
end  of  main  bearing  under  consideration. 

bearing,  75  per  cent  to  the  front  main  bearing,  and  15  per  cent 

radial  load  in  the  opposite  direction  on  the  thrust  bearing  in  the 

.nose  of  the  crankcase  (Table  Al-10). 

6-11.  Example. — 1.  Construct  polar  diagrams  for  the  -main  bearings  of 
the  engine  in  Example  1,  using  a   load  distribution  of  40  per  cent  to  the  rear 

main  bearing  and  75  per  cent  to  the  front  main  bearing. 

2.  By  assuming  plain  bearings,  a   maximum  unit  bearing  load  of  1,000  lb. 

per  sq.  in.  of  projected  area,  an  allowable  rubbing  velocity  of  20  f.p.s.,  and  a 

maximum  allowable  rubbing  (PV)  factor  of  15,000,  determine  the  diameter 

and  length  of  main  bearings  necessary. 
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3.  By  assuming  ball  or  roller  bearings,  determine  the  sizes  necessary . 

Procedure  1. — On  the  assumption  that  the  inertia  forces  are  completely 

balanced,  the  gas  loads  are  most  conveniently  obtained  from  either  Fig.  5-9 

or  5-10.  In  Fig-  5-10,  3   represents  the  direction  of  the  gas-force  resultant 

P&R  with  respect  to  the  center  line  of  the  crank  arm.  If  6i  represents  the 

crank-arm  position  with  respect  to  ISTo.  1   cylinder  center  line,  the  direction 

of  the  Egr  vector  is  -f-  (180  —   5)  with  respect  to  No.  1   cylinder.  Values 

of  Fgr  and  3   for  various  values  of  6   have  been  scaled  directly  from  Fig.  5-10 

and  arx'anged  for  convenience  in  Table  5-2. 

Table  5-2 

6 3 
(180  —   5) 0   +   (180  —   5) 

Fgr 

OAFgr 0.75For 

0 
16 

164 164 
1,500 

600 

1,128 
20 

28 

152 
172 

6,100 2,440 4,580 40 52.5 127.5 167.5 

4,600 
1,840 3,450 

60 71 
109 169 

2,900 1,160 2,180 80 92.5 87.5 167.5 

1,700 

680 

1,278 
100 104 

76  1 
176 

750 
300 

562 
120 

27- 
153 

 ' 

273 450 

180 

1   338 

140 
15 

165 305 

1,250 

500 
938 

160 
25 155 315 

5,850 2,340 

^   4,390 

ISO 
48 

132 
312 

5,200 2,080 

3,900 

Values  of  0.75Fg’a^  (-4)  and  OAFgr  (B)  for  the  various  values  of  0   are  plotted 

with  respect  to  the  center  line  of  No.  1   cylinder  as  shown  in  Fig.  5-21. 

(B> 

Fig.  5-21.  (A)  Front-  and  (^JB)  rear-main-bearing  polar  diagrams  for  a   five- 
cylinder  single-bank  radial  engine  (Example  1). 

As  F gr  (Fig.  5-10)  repeats  n/2  times  per  revolution  {?i  =   number  of 

cylinders),  the  main-bearing  polars  will  also  repeat  n/2  times  per  revolution. 

Hence,  one  loop  is  sufficient  for  maximum  and  mean  force  data.  However, 
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the  completed  diagram  may  be  quickly  drawn  by  shifting  the  tracing  paper 

angularly  the  proper  amount  for  each  loop.  The  complete  polar  is  useful 

in  showing  the  positions  and  directions  of  critical  loadings  on  main-bearing 

supports  and  for  relative  wear  studies.  The  relatively  high  ratio  of  maxi- 

mum to  mean  force  in  radial-engine  main  bearings  as  compared  with  in-line- 

engine  main  bearings  and  the  high  rate  of  change  of  force  (shock  loadings) 

should  be  noted. 

Procedure  2. — For  the  front  main  hearing,  the  projected  bearing  area  will 
be 

4,580  _ 

From  Eq.  (5-3), 

720  X   V   720  X   20 

To  reduce  V   below  the  allowable  limit,  let  D   ==  2.25  in. 
Then 

L   = 

V   == 

4.58 

2.25 

2.25  X 

=   2.04  : 

X   2,000 72 

The  mean  force  is  1,807  lb.,  hence 

PF  =   X   19.6  =   7,750 

For  the  rear  main  bearing,  the  projected  area  will  be 

2,440  ^   . 

1,000
  == 

and  by  assuming  the  same  diameter  as  for  the  front  main 

^   =   IS  = 

Procedure  3. — For  the  front  main  bearing  [Fig.  5-21  (A)],  the  average  force 
is  1,807  lb.,  the  maximum  force  is  4,580  lb.,  and  the  speed  is  2,000  r.p.m. 
On  the  assumption  that  ball  bearings  are  to  be  used  (Table  A 1-22),  L   =   1 ,807 
lb.,  Z   =   0.88  for  an  assumed  bearing  life  of  2,500  hr.  and  K   =   2   0   or  2   5 
say  2.25.  Then 

C   =   1,807  X   0.88  X   2.25  =   3,580  lb. 

The  diameter  of  the  main  bearings  should  not  be  less  than  the  diameter  of 
the  crankpin,  and  the  front  main  bearing  for  diroc^t  drive  will  have  to  he' 
greater  in  diameter  than  the  largest  diameter  of  the  S.A.E.  standard  sliaft 
end  that  is  to  be  used.  The  crankpin  diameter  (Par.  5-5)  is  2.25  in.,  and 

from  Fig.  Al-6,  the  logical  propeller-shaft  end  will  be  S.A.E.  taper ’type 
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No.  1.  From  Table  Al-20,  the  maximum  diameter  of  a   taper  type  S.A.E. 

No.  1   shaft  end  is  2.05  in.  Hence  a   front  main  bearing  base  diameter  of 

2.25  in.  should  be  about  adequate.  From  Table  A1-22D,  S.A.E.  bearings 

212,  312,  and '412  are  adequate  in  bore  diameter,  but  from  Table  A1-22E, 
it  is  seen  that  at  2,000  r.p.m.  the  ratings  are  too  low.  From  Tables  A1-22F 

and  A1-22G,  it  is  evident  that  S.A.E.  bearing  413  having  a   bore  of  2.5591  in. 

or  bearing  314  having  a   bore  of  2.7559  in.  could  be  used.  Use  of  a   shock 

factor  of  X"  =   2   or  of  a   bearing  life  of  2,000  hr.  would  permit  the  use  of 
S.A.E.  bearing  412,  but  at  the  expense  of  a   reduction  in  the  factor  of  safety 

or  life  of  the  engine. 

For  the  rear  main  bearing  L   =   962  lb.,  Z   =   O.SS,  and  K   =   2.25.  Then 

C   =   962  X   0.88  X   2.25  =   1,900  lb. 

From  Tables  A1-22D  and  A1-22E,  S.A.E.  bearing  212  having  a   bore  diameter 

of  2.3622  in.  could  be  used,  or  if  it  was  desirable  to  have  the  same  front  and 

rear  bearing  bore  diameters,  bearings  213  or  214  could  be  used. 

If  roller  bearings  are  desired  (Table  Al-23)  for  the  front  main,  L   =   1,807 

lb.,  Z   =   0.64,  and  K   1.5.  Then 

C   =   1,807  X   0.64  X   1.5  =   1,735  lb. 

From  Tables  A1-23B  and  A1-23C,  bearings  R,LS-16-L  or  HLS-IO-LL  would 

be  adequate.  For  the  rear  main,  L   —   962  lb.,  Z   —   0.64,  and  K   «   1.5. 
Then 

■   C   -   962  X   0.64  X   1.5  ==  925  lb. 

From  Table  A1-23D,  bearing  HXLS  —   2.25  would  be  adequate. 

5-12.  Relative  Wear  Diagrams. — For  the  purpose  of  determin- 
ing the  best  location  of  the  oilhole  for  crankpin  bearings  having 

force-feed  lubrication,  relative  wear  diagrams  are  useful.  A 

method  of  constructing  such  diagrams  follows 

The  bearing  pressure  is  assumed  to  be  evenly  distributed  over  an  arc 

of  ISO  deg.  on  the  crankpin.  The  magnitude  and  direction  of  the 

force  with  respect  to  the  crank  arm  is  obtained  at  equal  intervals 

throughout  a   complete  cycle  from  a   polar  diagram  of  resultant  forces 

on  the  crankpin.  These  forces  are  plotted  as  a   series  of  half  rings 

having  their  radial  thicknesses  proportional  to  the  magnitude  of  the 

force  and  their  mid-points'  falling  on  a   line  through  the  center  of  the 
crankpin  in  the  direction  of  the  application  of  the  force  considered. 

The  summation  of  these  rings  produces  an  area  which  is  termed  the 

comparative  wear  on  the  crankpin.  The  best  location  for  tlie  oilhole  is 

that  point  on  the  crankpin  where  the  radial  thickness  of  this  resulting 

area  is  a   minimum. 
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As  an  example  of  the  construction,  let  Fig.  5-2  (a)  (B)  represent 

a   polar  diagram  for  a   crankpin  in  which  the  best  location  for  the 

oilhole  is  desired.  By  measuring  to  scale  radiall3"  out  to  the 

curves  [Fig.  5-2  (a)  (-B)]  at  increment  crank  angles^  values  of  force 

in  the  direction  of  the  crank-arm  axis  are  found  (Table  5-3). 

Plotting  these  forces  as  explained  above  gives  Fig.  5-22. 

le  o~3 

e 
Forces  in  direction 

of  crank-arm  axis 

Total  force  in  direction 

of  crank-arm  axis 

0 2,250 
2,250 20 

l,loO 
1,150 

40 
900 900 

60 780 
780 

80  i 
790 790 

100 870 870 
120 

1,040 1,040 
140 1,320  1 

1,320 
160 1 ,550,  2,500,  3,700 

7,750 ISO 1,600,  1,950. 
3,550 200 1,540,  1,680 
3,220 220 1,300,  1,370 
2,670 240 1,000,  1,010 
2,010 260 800,  840 
1 ,640 2S0 710,  720 

1   ,430 
300 730,  730 

1,460 320 SOO,  840 
1 ,640 340 500,  1,240 
1,740 360 

2,250 
2,250 

A   relative  wear  diagram  for  a   V-t\^pe  engine  is  shown  in 

Fig.  5-23. 

For  radial  engines^  the  jDolar  diagram  with  respect  to  the  crank- 

arm  axis  (Fig.  5-10)  should  be  used  to  construct  the  relative  wear 

diagram  for  the  crankpin. 

This  method  of  determining  the  oilhole  location  has  been 

criticized  some  sources  on  the  grounds  that  it  does  not  take 

into  account  the  effect  of  centrifugal  force  on  the  oil  in  the 

crankpin.  Thus  the^^  maintain  that  the  oilhole  should  be 

located  on  the  outer  side  of  the  crankpin  regardk'ss  of  what  the 

wear  diagram  might  show.  Such  a   location  would  undoubtedlv 
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be  satisfactoi^v  in  most  engines  and  would  save  considerable 

tedious  construction. 

Suggested  Design  Procedure 

Important,  Make  all  constructions  and  diagrams  to  a   large  enough  scale 

to  permit  accurate  work.  Size  B   or  larger  drawing  paper  is  recommended. 

Keep  a   record  of  the  man-hours  required  on  each  item. 

1.  For  the  engine  selected  for  your  design,  construct  polar  diagrams  of 

forces  on  the  crankpin  (a)  with  respect  to  the  engine  axis  and  {h)  with 

respect  to  the  crank-arm  center  line. 

For  in-line  and  V-engines,  construct  the  diagrams  through  720  deg.  of 

crank  travel.  For  radials,  construct  the  diagrams  through  a   sufficient 

number  of  degrees  of  crank  travel  to  accurately  define  the  shape  and  spacing 

of  the  lobes.  Then,  for  part  a,  complete  the  diagram  through  720  deg.  by 

shifting  the  tracing  paper. 

For  part  6   of  radial-engine  polars,  locate  two  or  more  higher  r.p.m.  points 

on  the  crank-arm  axis. 

2.  Determine  the  maximum  and  mean  forces,  and  locate  values  found  on 

the  diagrams  constructed  in  item  1. 

3-  By  using  bearing  loads,  rubbing  factors,  etc.,  within  the  ranges  given 

in  Appendix  1,  determine  crankpin  dimensions  that  will  be  adequate  for 

bearing  purposes. 

4.  Lay  out  to  scale  the  general  arrangement  of  crankshaft  desired.  Esti- 

mate the  unbalanced  weight  per  crank  arm  and  the  distance  to  the  center 

of  gravity.* 
Befer  to  available  sectional  blueprints,  specimen  crankshafts,  etc.,  for 

assistance  in  making  the  layout.  Do  not  try  to  include  details  other  than 

those  necessary  to  the  determination  of  unbalanced- weight  data.  For 

radials,  this  item  is  unnecessary  at  this  point. 

5.  Construct  main-bearing  polar  diagrams  for  all  differently  loaded  main 

For  in-line  and  V-engines,  construct  the  diagrams  through  720  deg,  of 
crankshaft  travel. 

For  radials,  construct  the  diagrams  through  a   sufficient  number  of  degrees 

of  crankshaft  travel  to  define  accurately  the  shape  and  spacing  of  the  lobes . 

Then  complete  the  diagrams  through  720  deg.  by  shifting  the  tracing  paper. 

6.  Determine  the  maximum  and  mean  forces,  and  locate  values  found  on 

the  diagrams  constructed  in  item  5. 

7.  By  using  bearing  loads,  rubbing  factors,  etc.,  within  the  ranges  given 

in  Appendix  1,  determine  main-bearing  dimensions  that  will  be  adequate 
for  bearing  purposes. 

8.  Construct  a   relative  wear  diagram  for  the  crankpin  of  your  engine, 

and  show  the  best  oilliole  location,  or  locate  hole  on  outside  of  crankpin  in 

plane  of  crank  arms. 

*   When  this  distance  is  not  equal  to  the  crank  radius,  as  is  usually  the 
case,  it  is  frequently  the  custom  to  use  an  equivalent  unbalanced  weight 

that  is  considered  to  act  at  crank  radius  from  the  center  of  rotation. 
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9.  When  items  1   to  8   have  been  completed  and  put  in  proper  form,  submit 

for  checking  and  approval. 
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CHAPTER  6 

DESIGN  OF  RECIPROCATING  PARTS 

6-1.  Design  Requirements  and  Limitations. — The  design  of 
any  machine  element  can  be  of  reasonably  certain  effectiveness 

only  when  the  designer  (a)  is  fully  aware  of  and  properly  con- 

siders the  functions  that  the  element  must  perform,  and  (6)  is 

cognizant  of  the  capabilities  and  limitations  of  the  materials 

that  can  be  used  for  the  element.  Hence,  in  proceeding  with  the 

design  of  individual  parts  of  the  engine,  it  is  advisable  to  consider 

briefly  the  requirements,  possibilities,  and  limitations  of  these 

parts  in  somewhat  the  same  way  that  was  done  with  the  unit  as  a 

whole  (Chap.  1). 

6-2.  Functions  of  the  Piston. — Aircraft-engine  pistons  are 
called  upon  to  satisfy  a   rather  formidable  list,  of  requirements. 

Most,  but  not  necessarily  all,  of  these  requirements  are  listed  as 

follows: 

The  piston  must 

1.  Take  the  gas-force  load  without  appreciable  distortion. 

2.  Fit  closely  enough  in  the  cylinder  to  prevent  iDiston  slap, 

excessive  blow  by,  or  oil  pumping. 

3.  Be  capable  of  conducting  away  a   large  portion  of  the  heat 

generated  in  the  combustion  chamber.  # 

4.  Have  a   coefficient  of  expansion  such  that  the  piston  will 

not  be  too  loose  in  the  cylinder  when  cold  or  too  tight  when  hot. 

5.  Have  cross  sections  and  a   coefficient  of  heat  flow  sufficient 

to  conduct  awa3^  the  heat  absorbed  by  the  head  at  a   rate  that  will 

prevent  hot  spots  and  a   resulting  increased  tendency  of  the  fuel 

to  detonate. 

6.  Have  skirt  dimensions  sufficient  to  conduct  a   considerable 

portion  of  the  heat  absorbed  by  the  head  to  the  cylinder  walls 

and  to  provide  adequate  bearing  area  to  take  the  side  thrust. 

7.  Be  capable  of  giving  up  some  of  the  heat  absorbed  to  the 

lubricating  oil  without  raising  part  of  the-  oil  to  a   temperature 

that  might  impair  its  lubricating  qualities. 
88 
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8-  Provide  adequate  support  for  the  piston  rings. 

9.  Have  adequate  bearing  area  for  the  piston  pin  and  support- 

ing-pin bosses  rigid  enough  to  prevent  excessive  localized  pin- 
bearing pressures. 

10.  Be  as  light  in  weight  as  possible. 

11.  Have  adequate  resistance  to  wear. 

At  best,  some  of  these  items  are  directly  conflicting,  and  the 

designer  is  faced  with  the  ever-present  problem  of  judging  where 

to  strike  a   proper  compromise.  If  he  strives  to  reduce  reciprocat- 

ing inertia  forces  by  reducing  the  piston  weight  to  a   very  low 

value,  he  usually  will  have  to  sacrifice  section  thicknesses  to  a 

point  where  heat-flow  characteristics  will  be  impaired.  Quite 

often  the  attainment  of  close  piston  fits  in  the  cylinder  necessi- 

tates the  use  of  a   denser  metal  to  get  the  proper  coefficient  of 

expansion  characteristics,  and  this  is  apt  to  mean  a   heavier 

piston.  Many  other  conflicting  problems  requiring  compromise 

solutions  will  occur  to  the  student. 

6-3.  Piston  Materials. — In  keeping  with  the  preceding  require- 

ments, an  aircraft-engine  piston  should  have 

1.  Adequate  mechanical  strength  at  working  temperatures. 

2.  A   low  coefficient  of  linear  expansion. 

3.  A   high  coefficient  of  thermal  conductivity. 

4.  A   low  density. 

5.  A   high  resistance  to  abrasion. 

By  far  the  most  common  metals  used  for  pistons  are  aluminum 

and  cast  iron.  Important  properties  of  these  two  metals  are 

given  in  Table  6-1.  ObviousB^  neither  of  these  metals  is  superior 

from  every  standpoint.  HoAvever,  owing  partly  to  improved 

characteristics  imparted  by  small  quantities  of  other  metals  and 

partly  to  improved  fabrication  technique,  almost  all  modern 

aircraft  engines  use  aluminum-alloy  pistons.  Usuall3^  they  are 

cast  in  permanent  molds  or  forged. 

The  most  commonly  used  aluminum  alloys  for  pistons  are 

S.A.E.  34  (Aluminum  Co.  designation  122),  S.A.E.  321  (Alu- 

minum Co.  designation.  A132),  and  the  so-called  Y-allo^^  (Alu- 

minum Co.  designation  142).  Important  i:>i*operties  of  these 

alloys  as  given  by  the  Aluminum  Company  of  America  are 

listed  in  Tables  A2-1  to  A2-5.  Alloy  A 132  is  recommended  by 

the  Aluminum  Co.  as  being  particularly  desirable  for  aircraft- 
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engine  pistons  because  of  its  low  coefficient  of  expansion  and  low 

specific  gravity. 

6-4.  Piston  Dimensions. — Detailed  dimensions  of  pistons  are 

to  a   very  considerable  extent  a   matter  of  engineering  judgment. 

The  functions  of  the  piston  are  so  numerous  and  the  heat  flow, 

stresses,  etc.,  are  so  involved  that  a   rational  approach  is  too 

complex  to  be  of  practical  value.  However,  useful  aids  may 

be  had  from  a   study  of  previous  designs  (Table  A 1-1 4)  and  from 

empirical  rules. 

Table  6-1. — Properties  op  Piston  Metals* 
1 

Specific 
gravity  ; 

1 
1 

Tensile 
strength , 

lb.  per 

sq.  in. 

Coefficient 

of  linear 

expansion, 

per  deg.  F. 

Heat 

conduc- 

tivity, 

B.t.u./ 

(min.) 

(sq.  ft.) 

(in.) 
(deg.  F.) 

Brinell  hardness 

Metal At 

32°F. 

At 

200®F. 

At 

400°F. 

Alumi- 
num. . 2.7 

15,000 
0,0000124 24.0 150 138 120 

Gray 

iron. . . 7.1 20,000 0.00000556 5.5 165 165 
165 

Magne- 

sium. . ' 
1.74 0 . 0000145 18.2 66 

60 35 

*   Pure  metals,  not  the  alloys. 

Huebotter  and  Young,  ̂    following  extensive  tests  on  automotive 

pistons,  have  drawn  «the  following  conclusions  relative  to  piston 

design : 

1.  A   deep  section  at  the  center  of  the  head  is  very  effective  in  lower- 

ing the  maximum  temperature.  For  this  reason  a   liberal  center-hole 
boss  is  recommended. 

2.  If  ribs  are  used  to  reinforce  the  piston-pin  bosses,  they-  should 
extend  to  the  center  of  the  head. 

3.  The  aluminum  alloy  piston  .has  a   wide  margin  of  safety  over  the 

gray  iron  piston  on  a   temperature  basis. 

4.  The  ring  belt  dissipates  about  60  per  cent  as  much  heat  from  a 

given  initial  temperature  as  that  .   .   .   from  the  piston  skirt. 

Temperature  gradients  for  a   typical  aluminum-alloy  and  a 

gray-iron  piston  are  shown  in  Figs.  6-1  and  6-2.  Although  not 
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geometrically  identical,  these  two  pistons  are  sufficiently’' similar  in 
section  to  show  the  decided  thermal  advantage  of  aluminum - 

The  relative  weights  of  the  two  pistons  are  also  of  interest. 

Typical  aircraft-engine  pistons  are  shown  in  Fig.  6-3.  Current 

practice  indicates  the  desirability  of  three  or  four  rings  above 

the  pin  bosses,  frequently  one  ring  near  the  bottom  of  the  skirt, 

(   ^600  - 

Fiq.  6-1. — Temperature  gradients  in 

an  aluminum-alloy  piston.  Weight  = 

2.635  lb.  CT^linder  diameter  =   4.5  in. 

{From  Huebotter  and  Young ^   Plow  of 
Heat  in  Pistons.  Purdue  University 

Engr.  Exp.  Sta.  Bull.  25). 

Fig.  6-2. — Temperature  gradients  in 

a   gray-iron  piston.  Weight  =   5.S53 

lb.  Cylinder  diameter  =   4.5  in. 
{From  Huebotter  and  Young ^   Flow  of 
Heat  in  Pistons.  Purdue  University 

Engr.  Exp.  Sta.  Bull.  25.) 

ribs  under  the  head  for  rigidity  and  better  cooling,  and  amply 

supported  pin  bosses  . 

Piston  clearance  must  be  adequate  to  prevent  /^hot  seizure” 

and  small  enough  to  prevent  cold  slap.”  Customary  practice 
for  automotive  engines  has  been 

For  gray  iron,  clearance  =   0.001  X   bore  in  inches. 

For  solid-skirt  aluminum,  clearance  =   0.0006  X   (bore)  ̂    in  inches. 

These  rules  should  not  be  applied  to  special  types  such  as  Invar 

or  steel-strut  and  flexible-skirt  cam-ground  pistons. 

Aircraft  pistons  may  be  fitted  with  greater  clearances  as  they 

operate  nearer  rated  load  most  of  the  time  (see  Table  A2-3  for 
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coefficients  of  expansion).  Clearance  and  other  data  on  current 
automotive  pistons  will  be  found  in  Table  Al-3.  Swan  sug- 

(h> 

(ci)  Axelson 
Cb)  Warner 

(d>  Lycoming;  Low  compression (e)  K inner 
(f)  LeB/ond 

(g)  Continental 
(h)  Lycoming : High  compression 

Fia.  6-3.  Typical  aircraft-engine  pistons. 

piston  clearances  for  Y   and  similar  aluminum 

Top  of  head .   .   . . 

Bottom  of  head 

Top  of'  skirt .   .   .   . 
Bottom  of  skirt, 

Inch  per  Inch  of 
Diameter 

0.006 

0.004 
0   ..0025 

0.0015 

rz 
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skirt.  Current  practice  on  relative  diameter-length  ratios  of 

pistons  and  other  details  may  be  observed  from  Table  Al-14. 

The  piston  skirt  below  the  upper  ring  belt  is  usually  considered 

to  take  the  side  thrust,  i,e,,  act  as  the  bearing  area  between 

the  piston  and  cylinder  wall.  This  area  is  the  equivalent  of  the 

crosshead  bearing  area  in  engines  using  that  type  of  construction. 

Angle  suggests  using  about  1   sq.  in.  of  bearing  surface  for  each 

60  lb.  of  average  side  pressure.  From  the  piston  side  thrust 

(see  Par.  4-9  and  Fig.  4-10),  the  average  side  thrust  may  be 

determined.  Then  the  necessary  length  of  piston  skirt  vdll  be 

Ts 

I>  X   50 (6-1) 

where  Tsa  =   average  side  thrust  against  the  cylinder  wall,  lb. 

D   =   cylinder  diameter,  in. 

Pl  =   length  of  the  piston  skirt. 

The  total  length  of  the  piston  will  be  Pl  plus  the  width  of  the 

upper  ring  belt.  However,  if  the  value  of  Pl  as  found  from 

Eq.  (6-1)  is  appreciably  greater  or  less  than  current  practice,  the 

length  of  the  skirt  should  be  altered  to  fall  within  the  range  of 

values  for  similar  engine  pistons. 

As  there  is  very  little  side  pressure  on  the  piston  in  the  direc- 

tion of  the  piston-pin  axis,  a   reduction  in  piston  weight  may  be 

made  by  cutting  away  the  skirt  below  the  ends  of  the  pin. 

However,  it  is  doubtful  if  the  gain  in  reduced  inertia  forces  off- 

sets the  added  complexity  of  construction  and  probable  increased 

lubrication  or  oil-pumping  problems  except  in  very  high-speed 

racing  engines. 

6-5.  Piston  Rings. — Piston  rings  should  be  (a)  sufficiently 

elastic  to  exert  the  necessary  side  pressure  against  the  cylinder 

walls  and  to  permit  insertion*  of  the  ring  in  its  groove  by  sliding 
it  over  the  piston,  and  (&)  soft  enough  to  prevent  excessive  wear 

on  the  cylinder  walls.  Close-grained  cast  gray  iron  is  almost 

universally  used  for  piston  rings. 

Special  shapes  and  types  of  piston  rings  are  sometimes  used 

to  permit  closer  control  of  the  lubricant,  more  rapid  seating,  and 

to  reduce  blow  by  of  the  combustion  gases  (see  reference  3). 

However,  as  it  is  quite  common  practice  to  purchase  piston 

rings  from  companies  specializing  in  their  manufacture,  the 

engine  designer  will  probably  do  well  to  merely  specify  over-all 
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S.A.E.  standard  dimensions  (Table  Al-16)  and  follow  the  specific 

recommendations  of  the  ring  specialists  on  details. 

End  clearance  on  rings  should  be  great  enough  to*  prevent  any 

possible  binding  from  heat  expansion  but  small  enough  to  pre- 

vent excessive  gas  leakage.  A   gap  clearance  of  0.003  in.  per 

inch  of  bore  is  commonly  specified®  by  automotive-engine  manu- 

facturers. Butt,  diagonal,  and  lap-joint  ring  ends  (Fig.  6-4) 

are  most  common.  Side  clearance  of  rings  in  piston  grooves 

should  be  about  0.001  in.  to  minimize 

leakage  through  the  piston  groove 

behind  the  ring  (Table  Al-16). 

6-6.  Piston  or  Wrist  Pins. — Pis- 

ton pins,  the  connecting  links  between 

the  piston  and  connecting  rods,  may 

be  either  clamped  in  the  piston, 

clamped  in  the  connecting  rod,  or 

full  floating.  This  last  method  per- 

of  mits  the  pin  to  turn  gradually  so  that 

wear  is  more  evenly  distributed,  but 

it  requires  some  form  of  snap  ring  or  soft  metal  button  to  pre- 

vent the  end  of  the  hard  pin  from  coming  in  contact  with  and 

scoring  the  cylinder  wall. 

The  average  distance  between  the  pin  bosses  for  the  pistons  in 

Table  Al-14  is  about  48  per  cent  of  the  piston  diameter,  and  by 

allowing  for  end  clearance  on  the  small  end  of  the  connecting 

rod,  the  length  of  the  piston-pin  bearing  in  the  connecting  rod 

will  be  about  45  per  cent  of  the  piston  diameter.  For  full- 

floating pins  (after  allowing  for  end  buttons),  this  will  permit 

about  equal  bearing  areas  in  the  upper  end  of  the  connecting 

rod  and  in  the  piston.  Hence  the  piston-boss  length  may  be 

made  approximately  one-fourth  of  the  piston  diameter,  and  the 

length  of  the  pin  bearing  in  the  connecting  rod  may  be  made 

45  per  cent  of  the  diameter. 

The  diameter  of.  the  piston  pin  will  be  determined  by  the 

maximum  allowable  bending  moment  and  the  allowable  bearing 

pressure.  Maximum  stress  in  the  pin  will  occur  at  full-throttle- 

low-speed  (low  inertia)  conditions,  and  the  pin  may  be  assumed 

to  take  the  full  force  of  the  explosion  pressure  in  the  combustion 

chamber.  Maximum  gas  pressures  were  assumed  to  be  about 

75  per  cent  of  the  theoretical  pressures  (Par.  3-3).  Hence  the 

Butt  joint 

DitTigonoil  joint 

Loip  joint 
iFiG.  6^. — Common  types 

piston-ring  joints. 
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where  D   =   cylinder  diameter,  in. 

Pc  =   calculated  theoretical  maximum  pressure,  lb,  per 
sq.  in.  abs.  [Eq.  (3-3)]. 

The  projected  bearing  area  in  the  upper  end  of  the  connecting 

rod  is 

S   =   dL  0A5Dd 

where  d   =   diameter  of  the  piston  pin,  in, 

L   ==  effective  length  of  the  piston  pin,  in. 

D   —   cylinder  diameter,  in. 
Because  of  the  low  rubbing  velocities,  much  higher  bearing 

pressures  may  be  used  for  piston  pins  than  for  crankpins  pro- 

vided suitable  bearing  metals  such  as.  phosphor  bronze  (Table 

A2-8)  are  used  for  connecting-rod  bushings  and  the  crankpins 
are  casehardened. 

Heldt®  suggests  an  average  piston-pin  pressure  of  3,200  lb.  per 

sq.  in.  as  representative  of  automotive  practice,  but  values  of 

10,000  to  15,000  are  not  uncommon  in  high-po\vered  aircraft 

engines.  Thus 
Q.59D^Pc  _   p 

OAbDd  
^ 

where  =   3,000  to  15,000,  with  5,000  to  10,000  probably 

being  a   safe  range  for  small  aircraft  engines  of  good  design. 

Hence  the  piston-pin  diameter  may  be  found  from 

(6-2) 

where  K   =   4,000  to  8,000.  Data  in  Table  Al-14  indicate  that 

piston-pin  diameters  are  usually  about  25  per  cent  of  the  piston 
diameters. 

The  piston-pin  diameter  as  determined  by  Eq.  (6-2)  is  that 

necessary  for  adequate  bearing  area.  However,  the  piston  pin 

must  also  be  strong  enough  to  withstand  the  stresses  involved 

and  as  light  in  weight  as  possible.  Reduction  in  weight  may  be 

made  by  using  a   hollow  piston  pin,  the  size  of  the  hole  in  the  pin 
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being  determined  by  the  maximum  bending  moment  and  the 

allowable  stress. 

For  determining  the  diameter  of  the  hole  in  the  piston  pin  dj 

(Fig.  6-5),  it  may  be  assumed  that  the  gas-force  load  Pras.^  is 

  O./yz?   H   equally  divided  between  the  pin 
— —   bosses  and  acts  as  a   concentrated 

load  at  the  mid-point  of  their 

-t  f   lengths.  The  reaction  load  in  the 

^   connecting-rod  bearing  may  be 
assumed  as  equally  distributed 

over  the  length  of  the  bearing. 

^   I   Then  from  Fig.  6-5  {B),  the  maxi- 
mum  bending  moment  (at  the  mid- 

point along  the  piston  pin)  will  be 

-0J5D   > 

^OJ5D\^—OA5D-->\ 

=   0.1125Z)P„ 

where  M   =   maximum  bending 

moment,  in. -lb. 

(B)  Prtxi,^  ==  maximum  gas  force 

Fig.  6-6. — Average  location  and  '   on  the  piston,  lb. 
magnitude  of  forces  on  aircraft-  =   diameter  of  the  pis- engine  piston  pins. 

 v/x  w   ^ 
ton;  in. 

For  equilibrium  conditions,  this  moment  [Eq.  (6-3)]  must  equal 
the  internal  moment.^ 

where  ;S  =   maximum  allowable  stress,  lb.  per  sq.  in. 
I   =   moment  of  inertia  of  the  piston-pin  cross  section. 
C   =   one-half  the  diameter  of  the  piston  pin. 

For  hollow  piston  pins,  the  section  modulus  is 

C   Z2d 

vhere  d   ~   diameter  of  the  piston  pin,  in. 

.   d,  =   (d^  —   1.146 
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Expressing  in  terms  of  P„, 

d,  =   (d^  -   0.675  (6-7) 

where  the  symbols  are  the  same  as  above. 

Piston  pins  may  be  made  of  plain  carbon  steel  casehardened 

(S.A.E.  1020),  nickel  steel  (S.A.E.  2315,  2320,  or  2515),  or 

chrome  nickel  steel  (S.A.E.  3120,  3215,  or  3220).*  An  allow- 
able stress  of  25,000  lb.  per  sq.  in.  may  be  used  wdth  the  carbon 

steel,  and  35,000  lb.  per  sq.  in.  with  the  alloy  steels.  S.A.E.  2315 

steel  is  one  of  the  most  commonly  used  materials  for  aircraft- 

engine  piston  pins. 

6-7.  Knuckle  or  Link  Pins. — Dimensions  of  knuckle  or  link 

pins  for  attaching  the  articulated  rods  to  the  master  rod  may  be 

calculated  in  much  the  same  way  as  those  of  piston  pins. 

Owing  to  the  greater  mass  of  inertia-producing  parts  between 

the  link  pins  and  the  gas  force  on  the  piston,  link  pins  may  be 

made  somewhat  smaller  than  piston  pins.  Probably  the 

easiest  way  to  determine  the  size  is  to  use  the  same  fundamental 

formulas  that  were  used  for  the  piston  pins  and  assume  higher 

allowable  bearing  loads  and  bending  stresses.  Meyer® suggests  as 

an  allowable  bending  stress  30,000  to  50,000  lb.  per  sq.  in.  Unit 

bearing  loads  may  be  somewhat  higher  than  for  piston  pins 

because  link  pins  have  more  positive  force-feed  lubrication. 

Link  pins  may  be  made  of  the  same  materials  that  are  used  for 

piston  pins.  For  severe  service,  nickel  chromium  steel  (S.A.E. 

3125)  may  be  used.  For  very  severe  service,  such  as  very  highly 

supercharged  racing  engines  or  Diesels,  nickel  molybdenum  steel 

(S.A.E.  4615)  may  be  advisable. 

Link  pins  should  be  locked  securely  in  place  to  prevent  any 

endwise  movement  and  resulting  damage  from  contact  with 

adjacent  parts.  A   rather  common  method  of  securing  link 

pins  in  one-piece  master  rods  is  to  use  small  locking  plates  that 

are  bolted  to  the  outside  of  the  master-rod  flange  between  the 

link  pins  [Fig.  6-6  (A)].  The  ends  of  the  link  pins  are  flared 

and  either  cut  away  or  beveled,  and  the  locking  plates  extend 

over  their  edges  to  prevent  movement  of  the  pins.  When  two- 

piece  master  rods  are  used,  the  cap  bolts  may  be  so  located  that 

For  an  explanation  of  the  S.A.E.  steel-numbering  system,  see  Table  A2-6. 

For  detailed  data  on  the  various  S.A.E.  steels,  see  reference  8. 
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they  pass  through  milled  slots*  in  the  sides  of  the  link 
 pins,  thus 

securing- them  positively  (see  Fig.  6-14). 

T.ink  pins  are  commonly  lubricated  by  pressure  feed  through 

holes  in  the  master-rod  flanges  and  a   passageway  inside  the  pin 

[Fig.  6-6  (B)]. 

Link  pins  should  be  located  as  close  to  the  crankpin  center  as 

clearance  and  structural  dimensions  will  permit  (Par.  4-4).  This 

Fig.  6-6. —   (A)  Method  of  holding  link  pins  in  place,  and  (B)  section  through 

the  crankpin  and  a   link  pin  of  a   Lycoming  Type  R-CSO  nine-cylinder  radial 

engine  showing  the  means  provided  to  lubricate  the  link-pin  bearing. 

makes  it  desirable  to  keep  the  diameter  of  the  pins  as  small  as 

bearing  loads  and  strength  requirements  will  allow.  When  six 

or  eight  articulated  rods  are  attached  to  one  master  rod,  care 

must  be  observed  in  providing  adequate  clearance  between 

adjoining  rods. 

6-8.  Connecting-rod  Shank  Stresses. — Connecting  rods  are 
subjected  to 

1.  Compression  stresses  due  to  combined  gas  and  inertia  forces. 

*   Angle  patent  owned  by  Pratt  and  Whitney. 
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2.  Tension  stresses  due  to  inertia  forces. 

3.  Tension  and  compression  stresses  due  to  ‘^whipping’’  or 
lateral  acceleration  of  the  rod. 

4.  Master  rods  in  articulated  systems  are  subjected  to  an 

additional  bending  stress  owing  to  the  axes  of  the  articulated 

rods  not  passing  through  the  center  of  the  crankpin. 

Considering  these  conditions  in  order: 

1.  Compression  stresses  are  most  severe  at  full-throttle  low- 

speed  (low-inertia)  conditions,  and  as  the  connecting  rod  is  of 

intermediate  length  in  proportion  to  its  cross-sectional  area,  the 

slenderness  ratio  L/k  (=  center-to-c enter  length  of  the  connect- 

ing rod  divided  by  the  least  radius  of  gyration),  usually  falls 

within  the  range  in  which  Rankine^s  column  formula  is  most 
applicable.  Hence  critical  compressive  stresses  may  be  found 

from 

A   q{L/ky 
(6-8) 

where  P^ax  =   maximum  gas  force  on  the  piston,  lb. 

A   =   cross-sectional  area  of  the  connecting  rod  at  the 

mid-point  in  its  length,  sq.  in. 

Sc  ==  allowable  stress,  lb.  per  sq.  in. 

L   =   center- to-center  length  of  the  connecting  rod,  in. 

k   =   least  radius  of  gyration  of  the  mid-section. 

q   =   coefficient  depending  upon  the  arrangement  of  the 
column  ends. 

Connecting-rod  shank  sections  used  in  aircraft  engines  are 

most  often  a   modified  form  of  I   or  H   section,  but  tubular  sections 

are  frequently  used  in  articulated  rods,  and  sometimes,  when  oil 

is  supplied  under  pressure  to  the  piston-pin  bearing,  a   hollow  I 

section  [Fig.  6-7  (C)]  is  used.  In  any  event,  the  desired  end  is  a 

rod  of  adequate  strength  and  stiffness  with  a   minimum  weight. 
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In  determining  the  shank  dimensions,  account  should  be  taken 

of  the  fact  that  the  end  supports  for  the  connecting  rods  are 

essentially  free  in  the  plane  of  rotation  but  fixed  in  the  plane 

containing  the  crankpin  and  piston-pin  axes.  With. free  ends, 
the  deflection  of  the  rod  under  load  will 

be  as  in  Fig.  6-8  {A),  whereas  with  fixed 
ends  the  deflection  of  the  rod  will  be  as 

in  Fig.  6-8  (jB)  .   As  the  distance  between 

the  two  inflection  points  m   and  n,  Fig. 

6-8  (JB),  is  one-half  of  L   and  since  the 
stress  in  the  rod  varies  as  the  rod  must 

be  four  times  as  strong  in  the  plane  of 

rotation  as  in  the  plane  of  the  crankpin 

and  piston-pin  axes. 

.   For  carbon-steel  rods,  Sc  should  not 

exceed  25,000  lb.  per  sq.  in.;  for  alloy- 

steel  rods.  Sc  should  be  held  to  less  than 

35,000  lb.  per  sq.  in.  For  aluminum-alloy 

rods.  Sc  should  be  about  12,000  lb.  per 

sq.  in. 
Values  of  g   =   1/10,000  (for  free  ends) 

and  q   ==  1/40,000  (for  fixed  ends)  maybe 
used.  Values  for  moment  of  inertia  and 

radius  of  gyration  for  several  useful  geometric  shapes  will  be 

found  in  Table  A3-1. 

For  I   and  H   sections,  a   small  draft  angle  (7  to  10  deg.)  must 

be  provided  to  permit  forging,  although  this  will  be  removed 

when  the  rods  are  machined  all  over,  and  usually  all  corners  are 

rounded  with  fillets.  These  details  make  it  difficult  to  determine 

the  moment  of  inertia  of  the  section,  and  to  simplify  the  pro- 

cedure, an  equivalent  section  without  draft  or  fillets  is  frequently 

used  for  determining  over-all  dimensions.  Helative  proportions 

of  equivalent  shank  sections  useful  for  this  purpose  are  shown  in 

Fig.  6-9. 

2.  Greatest  tension  in  the  connecting  rod  will  occur  (for  normal 

operation)  at  highest  speed  at  the  beginning  of  the  suction  stroke. 

Still  more  severe  conditions  can  exist  in  high-speed  closed- 

throttle  dives.  Maximum  tension  may  be  found  by  means  of 

Eq.  (4-8).  By  using  conservative  values  of  stress,  i,e.,  values  the 

same  as  for  column  effect  in  the  rod  (case  1   above)  and  investi- 

Fio-.  6-8. — Connecting- 

rod  deflection  (exagger- 
ated) .   {A)  In  the  plane  of 

rotation,  (J5)  in  the  plane 
of  the  piston  and  crankpin 
axes. 
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gating  for  rated  speed,  usually  the  strength  will  be  sufficient  for 
any  diving  condition  encountered.  Ordinarily,  a   rod  strong 
enough  as  a   column  is  adequately  strong  in  tension. 

3.  Whipping  stresses  are  obviousl^^  greatest  at  highest  speeds. 
These  stresses  are  due  to  centrifugal  force  on  the  body  of  the 
connecting  rod,  and,  as  the  forces  act  parallel  to  the  crank  arm, 
they  tend  to  bend  the  connecting-rod  shank.  Magnitude  of 
the  maximum  bending  mo- 

ment may  be  found  from 

methods  outlined  in  refer- 

ences 4,  9,  and  11,  but 

ordinarily,  whipping 

stresses  need  not  be  inves- 

tigated in  aircraft  engines 

as  they  are  well  below  the 

maximum  stresses  due  to 

the  gas  force  on  the  pis- 

ton.^ Hence,  a   connect- 

ing-rod shank  section 

adequate  for  column  con- 

ditions (case  1   above) 

will  be  strong  enough  to 

y 
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Fig.  6-9. — Equivalent  mid-length  connect- 
ing-rod shank  sections  representing  usual 

proportions  in  aircraft-engine  practice. 

withstand  the  maximum  whipping  stresses.  This  may  not  be 

true  for  very  high-speed  automobile  racing  engines,  however. 
4.  Bending  stresses  in  the  master  rod  of  an  articulated-rod 

system  due  to  the  forces  in  the  link  rods  not  passing  through  the 

center  of  the  crankpin  are  ordinarily  not  critical  because  of  the 

small  distance  between  the  line  of  these  forces  and  the  crankpin 

axis.  The  conventional  practice  of  tapering  the  master-rod 

shank,  f.e.,  increasing  the  cross  section  toward  the  crankpin, 

usually  provides  an  adequate  safeguard  against  critical  stresses 

in  the  master  rod  owing  to  forces  in  the  articulated  rods.  In 

cases  where  extremely  light  weight  is  desired,  it  may  be  advisable 

to  investigate  these  bending  stresses,  howcA^er.  The  method 

suggested  in  reference  4   may  be  used  for  this  purpose. 

In  general,  for  conventional  aircraft  engines,  a   connecting-rod 

shank  section  adequate  for  case  1   above  will  be  amply  strong  in 

tension,  whipping,  and  bending  due  to  articulated  rods.  In 

tapering  the  shank  section,  care  should  be  taken  to  avoid  reducing 

the  section  near  the  piston  pin  to  a   point  where  it  becomes  critical. 
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6~9.  Connecting-rod  Cap  Bolts. — When  a   one-piece  crankshaft 

is  used  (Figs.  5-11,  5-12,  5-13,  and  5-16c),  the  big  end  of  the  con- 

.necting  rod  must  be  made  in  two  pieces  in  order  to  get  it  onto 

the  crankpin.  In  place,  the  two  parts  are  held  together  by  two 

or  four  bolts  usually  called  cap  holts.  subjected 

>   tensile  stresses  when  the  rod  is  under  tension.  The  maximum 

tension  occurs  at  maximum  speed  at  the  start  of  the  suction 

stroker  This  tensile  force  is  due  to  the  inertia  of  the  reciprocating 

parts  plus  the  centrifugal  force  due  to  the  rotating  parts,  since 
these  forces  act  in  the  same  direction  at  the  start  of  the  suction 

~   The  reciproi^a ting force  may  be  found  by  means 
of  Eq.  (4-8),  and  the  centrifugal  force  may  be  calculated  by 

Eq,  (5-1).  The  reciprocating  weight  may  be  taken  as  the  sum 

of  the  weights  of  the  piston,  piston  rings,  piston  pin,  and  one- 

third  of  the  weight  of  the  connecting  rod,  or  the  value  found  in 

item  2,  ’Suggested  Design  Procedure,  p.  56,  (from  Figs.  Al-3 
and  Al-4)  may  be  used.  The  centrifugal  weight  may  be  taken 

as  two-thirds  of  the  weight  of  the  connecting  rod  minus  the 

weight  of  ̂the  cap,  ̂ or  (for  radials)  the  rotating  weight  may  be 

the  value  you  have  used  in  calculating  bearing  loads  (Fig.  Al-5). 

The  diameter  of  the  cap  bolts  may  be  found  by  using  an  allow- 

able  tensile  stress  of  about  20,000  lb.  per  sq.  in.  Connecting-rod 
bolts  should  conform  to  S.A.E.  standard  dimensions  and  materials 

whenever  possible  (see  Table  Al-17).  S.A.E.  2330  steel  is  one 

of  the  most  commonly  used  aircraft-engine  connecting-rod  cap- 
bolt  materials. 

6-10.  Connecting-rod.  Ends. — Connecting-rod  ends  provide 

the  necessary  backing  for  the  bearing  metal  and  transmit  the 

loads  to  the  bearing  pins.  In  addition,  they  conduct  away  some 

of  the  heat  generated  in  the  bearing. 

To  avoid  excessive  localized  bearing  pressures,  rod  ends  should 

be  as  free  from  distortion  as  possible.  To  provide  this  necessary 

rigidity  and  at  the  same  time  keep  the  weight  to  a   minimum, 

designers  frequently  incorporate  stiffener  ribs  in  the  bearing 

cap  and  flare  the  rod  shank  where  it  joins  the  rod  end.  These 

ends  and  caps  are  somewhat  similar  to  curved  beams,  and  for^ 

much  the  same  reasons  as  with  more  conventional  beams,  they 

should  have  a   high  section  modulus  (I/C).  In  view  of  the  shapes 

and  loadings,  the  exact  bending  moments  and  stresses*  at  any 

given  section  arc  diflfiicult  to  determine,  but  a   knowledge  of  beam 



DESIGN  OF  RECIPROCATING  PARTS 103 

characteristics  will  aid  greatly  in  deciding  upon  detail  arrange- 

ments. The  somewhat  vaguely  defined  ability  known  as 

engineering  good  judgment  is  of  great  value  in  detail  design 

such  as  this,  and,  although,  like  personality,  it  is  inherent  in 

widely  varying  degrees  in  different  individuals,  it  can  be  devel- 

oped to  a   considerable  extent  by  alert  observation  and  clear 

thinking.  Specifically,  in  the  design  of  many  machine  parts, 

exact  stresses  either  cannot  be  calculated  or  the  calculations  are  so 

involved  as  to  be  impractical,  but  a   correlation  of  the  problem 

with  simpler  structures  of  similar  characteristics  usually  aids  in 

the  intelligent  selection  of  detail  dimensions. 

Fig.  6-10. — Aircraft-engine  connecting-rod  big  ends.  (A)  Poor  design  that 
was  subject  to  frequent  crankpin-bearing  failures.  {B)  Later  design  that 
eliminated  the  failures.  {From  Ricardo,  High  Speed  Internal  Combustion 
Engines  P) 

Figure  6-10  is  a   case  in  point.  Connecting  rod  (T)  was  found 

to  cause  frequent  bearing  trouble,  and,  although  the  exact 

stresses  in  the  cap  and  rod  end  resulting  from  tightening  the  cap 

bolts  and  from  inertia  forces  would  be  very  difficult  to  determine, 

it  is  quite  evident  that  such  tightening  and  inertia  forces  would 

cause  the  cap  and  rod  ends  to  buckle  inward  at  the  joint  between 

them.  Bearing  failures  very  often  start  from  high  localized 

pressures,  hence  the  logical  solution  to  the  problem  (B)  is  quite 

apparent  without  even  an  approximate  knowledge  of  the  stresses 

in  the  parts.  Intelligent  avoidance  of  critical  situations  is  just 

as  important  in  the  design  of  aircraft  engines  as  in  the  flying 

of  them. 

Reentrant  corners  and  abrupt  changes  of  cross  section  almost 

invariably  cause  high  localized  stresses.  In  complex  machine 

parts,  it  is  usually  impossible  or  impractical  to  calculate  these 

stresses,  but  they  can  be  avoided  by  using  large  fillets  and  gradual 
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changes  of  section.  The  result  of  flaring  the  end  of  the  con- 

necting-rod shank  where  it  joins  the  big  end  of  the  rod  cannot 

readily  be  expressed  mathematically,  but  even  casual  thought 

on  the  matter  will  show  that  it  will  reduce  rod-end  deflection. 

{i,e.,  tendency  to  high  localized  bearing  pressures)  in  much  the 

same  way  that  distributing  a   concentrated  load  will  reduce  the 

deflection  of  a   simple  beam. 

Innumerable  other  instances  of  this  sort  will  occur  as  the  design 

proceeds,  and  as  the  habit  is  formed  of  referring  complex  and 

formally  insoluble  problems  to 

simple  cases  that  are  similar, 

^   in  time  that  invaluable  asset, 
good  engineering  judgment,  will 
develop. 

To  reduce  weight  and  to  some 

\   extent  to  avoid  the  reentrant 

\   corners  at  the  cap-bolt  heads, 

studs  are  sometimes  forged  in- 

^   tegral  with  the  connecting  rod. 
  i-      However,  this  may  increase  the 

cost  of  the  connecting  rod  as  it 

@   @   tends  to  complicate  the  forging. 
1   Typical  connecting  rods  for 

Fig.  6-11.— H-section  master  connect-  different  arrangements  of  cylin- 

ders  are  shown  m   Figs.  6-11 

to  6-15.  All  these  rods  are  from  successful  engines  and  will 

merit  careful  study. 

Many  radial  engines  use  two-piece  crankshafts,  and  this 

permits  the  use  of  one-piece  connecting  rods  (Fig.  6-15).  The 

advantage  of  ,a  one-piece  master  rod  lies  mainly  in  the  avoidance 

of  highly  stressed  cap  bolts  and,  to  some  extent,  interference 

with  the  location  of  the  link  pins.  This  last,  of  course,  becomes 

increasingly  important  as  the  number  of  cylinders  per  crank- 

pin  is  increased.  The  obvious  disadvantage  is  a   more  complex 
crankshaft. 

6“11.  Articulated  Rods. — Articulated,  or  link,  rods  are  sub- 

jected to  the  same  general  types  of  stresses  as  master  connecting 

rods  except  that  they  are  not  subjected  to  bending  stresses 

due  to  forces  in  other  rods,  item  4,  Par.  6-8.  Link-rod  shanks 

should  be  designed  according  to  the  same  general  procedure  as 

Fig.  6-11.— H-section  master  connect- 

ing rod.  {'Wright.') 
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used  in  master  rods.  The^^  usually  are  not  tapered,  h.o'^’ever. 
Detailed  data  on  articulated  rods  from  several  well-known  makes 

of  engines  are  given  in  Table  Al-lS. 

6-12.  Connecting-rod  Materials- — Aircraft-engine  connecting 
rods  may  be  made  of  the  following  materials: 

S.A.E.  steels:  1040,  2315,  2340,  3140,  3240,  3250,  6135,  and 
6140. 

Aluminum  alloy:  25S  (Tables  A2-1  to  A2-5). 

f.99r' 

Chrome  nickel  steel  (S.A.E.  3140)  is  one  of  the  most  commonly 

used  materials  for  aircraft-engine  connecting  rods.  Duralumin 

(25S)  properly  heat-treated,  may  be  used  for  in-line  engine  rods 

and  radial-engine  articulated,  or  link,  rods.  For  light  or  medium 

loadings,  this  aluminum  alloy  may  be  used  without  rod  end 

bushings  provided  the  piston  and  link  pins  are  sufficiently  hard. 

Nitralloy  pins  are  satisfactory  for  this  purpose,  according  to  the 

Aluminum  Company  of  America. 

6-13.  Bearings  and  Bearing  Metals. — In  general,  there  should 

be  as  great  a   difference  as  possible  between  the  hardness  of  the 
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bearing  metal  and  the  pin  or  journal.  So-called  white  bearing 

metals  or  babbitts  (Table  A2-7)  are  very  commonly  used  where 

the  loads  are  not  too  great.  These  babbitts  may  be  either  in 

direct  contact  with  the  supporting  metal  of  the  connecting  rod 

Fig.  6-13. — Master  and  articulated  connecting  rod  used  in  the  Packard  2500 
airplane  engine. 

or,  more  commonly,  bronze  or  steel  backed.  This  last  permits 

replacement  of  the  bushings  without  replacing  or  rebabbitting 

the  connecting  rod,  but  the  path  for  heat  flow  from  the  bearing 

may  be  less  positive.  Very  thin  (Ke  in.  or  less)  steel-hacked 

babbitt-lined  replaceable  bushings  are  in  quite  general  use.  For 
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higher  bearing  pressures,  copper-lead  (Table  A2-7)  or  cadmium 

alloys  may  be  used.  For  piston  and  link-pin  bushings,  bronze 

bearing  metals  (Table  A2-8)  are  commonly  used. 

assembly. 

Aluminum  alloys  have  fair  bearing  qualities,  so  that  the  com- 

mon practice  of  allowing  the  piston  pin  to  bear  directly  on  the 

inner  surfaces  of  the  piston  bosses  is  satisfactory.  Bronze 

bearing  shells  in  the  small  ends  of  the  connecting  rods  and  in  the 

link-pin  ends  of  articulated  rods  may  be  designed  for  a   wall 

thickness  of  e   to  3^  in. 
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!Fig.  6-15. — Master  connecting  rod  used  in  the  Wright  1820  Cyclone  engine. 

Suggested  Design  Procedure 

Important.  Give  references  for  all  formulas  and  empirical  factors  used. 

All  drawings  should  be  on  standard-size  paper,  and  com'plete  in  all  details 
including  dimensions,  clearances,  material  specifications,  and  number 

required.  Drawings  (except  as  noted)  should  be  blueprinted  and  properly 

folded  (Fig.  2-4)  for  insertion  in  the  design  notebook.  Keep  a   record  of  the 

man-hours  required  on  each  item. 

1.  Select  materials  and  make  all  necessary  calculations  for  the  piston 

and  piston  pin. 

2.  Make  a   detailed  drawing  of  the  piston  (at  least  two  sectional  views). 

3.  Make  a   detailed  drawing  of  the  piston  pin  and  end  buttons  (or  (Hiuiva- 

lent  parts  used  to  hold  the  pin  in  place). 

4.  Determine  all  necessary  dimensions  for  the  piston  rings,  and  specify 
the  S.A.F.  standard  size  or  sizes  to  be  used. 

5.  a.  Select  materials,  and  make  all  necessary  calculations  for  the  rnastcu 

connecting  rod  and  end  bushings. 
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h.  Same  procedure  for  articulated  rod,  bushings,  and  link  pin  when  used. 

6.  Check  selected  dimensions  of  connecting  rod  oi*  rods  with  layout 

drawings  (Suggested  Design  Procedure,  page  24,  item  4)  to  make  certain 

of  adequate  clearance  at  all  points.  Alter  layout  drawings  as  necessary 

7.  a.  Make  a   detailed  drawing  of  the  master  connecting  rod  (at  least 

two  views).  Show  bushings  in  place. 

6.  Same  procedure  for  articulated  rod  and  link  pin  when  used. 

8.  Determine  the  weight  of  each  of  the  reciprocating  parts,  and  show 

in  tabular  form  (a)  name  of  part  or  item,  (6)  actual  weight  of  parts,  (c)  weight 

of  parts  assumed  in  calculating  bearing  loads  (Chap.  V),  (d)  percentage 

increase  or  decrease  of  actual  weights  over  assumed  weights,  (e)  estimated 

change  in  maximum  bearing  loads  due  to  d,  (/)  estimated  change  in  mean 

bearing  loads  due  to  d. 

Check  the  new  bearing  loads  with  values  given  in  the  tables  of  Appendix  1. 

If  these  loads  are  very  far  outside  the  usual  ranges  of  loadings,  etc.,  alter- 

ations in  the  design  should  be  made  to  bring  them  hack  within  the  ranges  of 

proven  values.  These  changes  may  be  made  either  by  altering  the  weights 

of  the  parts  or  (when  possible)  by  using  bearing  materials  that  will  withstand 

the  increased  loads.  If  the  loads  are  well  below  the  assumed  values,  the 

specific  weight  of  the  engine  is  apt  to  be  unnecessarily  high. 

9.  Make  an  assembly  drawing  of  the  reciprocating  parts  on  the  layout 

drawings  of  Suggested  Design  Procedure,  page  24,  item  4.  Show  parts  in 

section  whenever  such  sectioning  increases  the  clarity  or  legibility  of  the 

drawing.  Include  only  principal  over-all  dimensions.  Identify  each  part 

of  the  assembly  drawing  by  a   reference  number  corresponding  to  the  detailed 

drawing  or  reference  number  of  that  part.  When  the  detailed  drawing 

contains  more  than  one  part,  identify  each  part  by  the  detailed  drawing 

number  and  a   letter.  Do  not  blueprint  the  assembly  drawings  at  this  stage. 

1

0

.

 

 

When  items  1   to  9   have  been  completed  and  put  in  proper  form,  sub- 

mit for  checking  
and  approval. 
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CHAPTER  7 

CRANKSHAFT  VIBRATION  AND  BALANCE 

7-1.  Fundamental  Nature  of  Vibration. — When  an  elastic 

body  is  subjected  to  a   force,  it  deflects,  and  if  the  force  is  sud- 
denly removed,  the  restoring  forces  in  the  body  return  it  to  its 

original  or  neutral  position.  But  the  momentum  acquired 

during  the  restoring  action  is  such  that  the  body  passes  beyond 

its  neutral  position  and  is  deflected  in  the  opposite  direction. 

This  in  turn  sets  up  restoring  forces  in  the  original  direction  of 

deflection,  etc.,  so  that  the  body  oscillates  or  vibrates.  If  the 

original  deflecting  force  is  applied  but  once,  the  vibration  gradu- 
ally diminishes  and  finally  ceases  because  of  internal  and  external 

friction.  However,  if  the  deflecting  force  is  applied  repeatedly, 

the  body  will  continue  to  vibrate,  but  the  magnitude  of  the 

vibration  will  vary  widely,  depending  upon  the  frequency  of 

application  of  the  deflecting  force  and  the  natural  vibrating 
frequency  of  the  body. 

To  illustrate,  in  Fig.  7-1  (A),  R   represents  an  elastic  rod 
rigidly  supported  at  one  end.  If  the  free  end  of  the  rod  is 

struck  a   sudden  blow  with  the  hammer  H,  the  rod  will  deflect 

from  its  neutral  position  C   to  a   distorted  position  D.  But 

restoring  forces  are  set  up  in  the  rod  when  it  is  deflected  so 

that  as  soon  as  the  force  of  the  hammer  blow  is  spent  the  rod 

will  spring  back  toward  its  neutral  position.  Its  .inertia  of 

motion  carries  it  beyond  C   to  E,  and  then  opposite  restoring 
forces  start  it  back  toward  D.  This  cycle  or  series  of  events  will 

continue  vith  gradually  diminishing  amplitude  until  the  con- 

tinuously opposing  forces’  of  internal  and  external  friction  bring 
the  rod  to  rest  at  its  neutral  position. 

If  cam  S,  Fig.  7-1  (A),  is  rotated,  the  hammer  blows  will  be 
repeated  at  a   frequency  depending  upon  the  rate  of  rotation 
and  the  number  of  lobes  on  the  cam.  If  the  hammer  blows 

occur  when  the  vibrating  rod  is  at  C   and  moving  in  direction  M, 
the  vibration  will  obviously  be  damped,  but  if  the  blows  are 

no 
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timed  to  occur  at  N ,   the  force  of  the  blows  will  aid  in  eontinuiiig 

and  amplifying  the  vibration.  Such  a   case  is  sometimes  called 

synchronous  vibration,  or  resonance.  Figure  7-1  {B)  illustrates 
the  case  for  torsional  vibration. 

If  the  hammer  blows  occur  at  intermediate  points  between  M 

and  N ,   the  resulting  vibration  of  the  rod  will  be  intermediate. 

If  the  blows  occur  at  one-half  the  frequenc^^  of  the  rod,  vibration 

will  be  damped  or  aided  as  before,  but  the  effect  will  be  less 

Fig.  7-1. — Fundamental  idea  of  vibration  in  elastic  machine  parts.  (A)  Lateral 

•   vibration  and  (B)  torsional  vibration. 

pronounced,  and  for  one-fourth  the  frequency,  the  blows  will
 

have  still  less  effect.  Hence,  as  the  speed  of  rotation  of  S   is 

increased  from  a   very  low  to  a   very  high  value,  there  wdll  be 

several  speeds  at  which  vibration  wdll  be  aided  to  a   greater  or
 

less  degree. 

If  the  intensity  of  the  hammer  blows  is  varied,  the  vibrat
ion 

of  the  rod  will  be  ahected  accordingly.  Every  elastic  body  has 

a   natural  period  of  vibration,  i.e.,  time  per  cycle  of  m
ovement 

which  depends  upon  its  mass,  momeiit  of  inertia  (f.
e.,  dimen- 

sions), and  stiffness.  If  these  characteristics  are  changed,  in
  the 

case  of  the  rods  in  Fig.  7-1,  the  speeds  of  ̂    at  which  s
ynchronous 

vibration  will  occur  will  also  be  changed.  However,
  blows 
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occurring  at  frequencies  other  than  those  producing  synchronous 

vibration  will  produce  '‘forced'^  vibrations,  but  these  forced 
vibrations  are  small  compared  with  the  ones  produced  at  the 

^^criticaP'  speeds. 

If  the  support  for  the  vibrating  member  is  not  absolutely  fixed 

and  rigid,  it  will  also  vibrate.  Thus  the  rods  in  Fig.  7-1  can 

produce  vibrations  in  their  supports. 

By  applying  the  foregoing  principles  to  airplane  engines,  the 

liammer  blows  correspond  to  the  varying  gas  and  inertia  forces 

and  the  crankshaft  corresponds  to  the  vibrating  rod.  The  crank- 

shaft is  more  complex  than  a   simple  rod,  and  its  natural  periods 

of  vibration  are  harder  to  predict,  but  the  basic  idea  is  the  same. 

In  other  words,  at  certain  speeds,  the  varying  forces  occur  at 

such  a   rate  that  vibration  is  greatly  amplified.  It  is  at  these 

speeds  that  the  engine  is  said  to  be  ̂ 'rough^’’  and  if  they  occur  at 
the  desired  or  usual  speeds  of  operation,  the  engine  is  unsatis- 

factory. If  the  engine  is  operated  for  prolonged ,   periods  at  a 

speed  at  which  synchronous  vibration  occurs,  some  of  the  parts, 

usually  the  crankshaft,  may  fail  owing  to  the  increasing  ampli- 

tude of  the  vibrations  deflecting  the  parts  beyond  their  fatigue 

strength.  Thus  a   crankshaft  can  fail  structurally  even  though 

it  is  many  times  stronger  than  the  elementary  formulas  of 

mechanics  would  indicate  as  necessary. 

7-2.  Engine  Balance. — In  approaching  the  problem  of  decid- 
ing upon  proper  dimensions  for  the  crankshaft,  it  is  advisable 

first  to  consider  the  major  causes  of.  vibration.  They  are  as 
follows: 

1.  Variation  in  engine  torque. 

2.  Flexibility  of  the  crankshaft  in  torsion. 

3.  Unbalanced  rotating  parts. 

4.  Unbalanced  reciprocating  parts.* 

In  considering  these  items,  it  is  important  to  distinguish 

between  (a)  vibration  of  the  engine  structure  as  a   whole  and  (6) 

vibration  of  individual  parts  of  the  structure. 

7-3.  Variation  in  Engine  Torque. — Variation  in  engine  torque 
(Chap.  4)  causes  a   corresponding  variation  in  torque  reaction, 

f.c.,  piston  side  thrust  (Fig.  4-10).  This  is  an  example  of  case  a, 

Par.  7-2,  and  tends  to  rock  the  engine  in  the  plane  of  rotation 

of  the  crank  arms,  the  magnitude  of  the  effect  being  largely 

*   See  footnote  %   Table  7-1. 
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dependent  upon  the  ratio  of  maximum  to  mean  torque  in  the 

engine  (Figs.  4-15  and  4-16).  This  ratio  varies  with  C3dmder 

arrangement,  but  in  general,  it  decreases  vdth  increase  in  the 

number  of  cylinders.  There  is  no  practical  way  to  counter- 

balance this  reaction-torque  vibration,  but  rubber  mountings 

and  other  devices  are  frequently  incorporated  to  reduce  the 

transmission  of  the  rocking  or  vibration  to  the  vehicle  in  which 

the  engine  is  mounted, 

7-4.  Flexibility  of  the  Crankshaft  in  Torsion. — At  the  other 

end  of  the  connecting  rod,  the  variation  in  torque  sets  up  torsional 

oscillations  in  the  crankshaft  (item  2,  Par.  7-2),  which,  owing  to 

the  large  moment  of  inertia  of  the  propeller,  act  in  a   mannei' 

similar  to  that  of  the  supported  rod  in  Fig,  7-1  (-B).  When 

these  varying  torque  impulses  occur  at  a   frequency  corresponding 

to  the  natural  torsional  frequency  of  the  crankshaft,  serious 

torsional  vibration  can  occur  if  means  for  damping  the  oscilla- 

tions are  not  provided.  Torsional- vibration  dampers  as  used 

on  automotive  engines®  consist  usually  of  friction  disks  attached 

to  the  end  of  the  crankshaft  and  so  mounted  that  they  rotate 

with  the  shaft,  but  their  inertia  effect  is  such  that  they  slide 

when  torsional  vibration  occurs.  The  resulting  friction  between 

the  disks  and  their  suppox'ting  collar  on  the  shaft  tends  to  damp 
the  torsional  vibration  quickly. 

In  aircraft  engines,  where  the  useful  speed  range  is  much  less 

than  in  automotive  power  plants,  it  is  usualK^  possible  to  avoid 

the  most  troublesome  critical  torsional  speeds  by  designing  the 

shaft  so  that  it  does  not  have  a   natural  period  of  severe  \'ibration 

within  the  desired  operating  range.  From  detailed  dimensions 

and  other  data,  it  is  possible  to  predict  with  reasonable  accuracy 

the  shaft  speed  at  which  serious  torsional  vibrations  will  occur, 

but  the  calculations  arc  long  and  somewhat  complicated. 

However,  a   crankshaft  has  many  characteristics  in  common  with 

the  torsional  pendulum,  and  a   knowledge  of  the  factors  con- 

tributing to  the  natural  period  of  such  a   pendulum  will  aid  in  the 

intelligent  selection  of  shaft  dimensions. 

The  expression  for  the  time  for  one  complete  oscillation  or 

cycle  of  a   torsion  pendulum  is^ 

t   =   27r 
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where  t   =   time  per  cycle,  sec. 

'W  =   weight  of  the  mass  at  the  end  of  the  pendulum  (cor- 
responds approximately*  to  the  crank  arm  and 

counterweight  masses  in  an  airplane  engine),  lb. 

h   =   radius  of  gyration  (of  the  crank  arm  and  counter- 

weight masses  approximately*). 
d   =   angular  displacement  of  the  weight  W   from  the 

neutral  or  static  position  at  which  it  is  held  by  the 

rod. 

T   —   torque  exerted  by  the  pendulum  rod  on  the  weight  W 
when  it  is  displaced  through  the  angle  6. 

g   =   acceleration  of  gravity. 
The  twisting  moment  or  torque  in  the  pendulum  rod  is 

where  ==  torsional  stress  in  the  rod. 

J   =   polar  moment  of  inertia  of  the  rod. 
r   =   radial  distance  to  the  outer  fiber  of  the  rod. 

But 

EstO 

L 

where  —   modulus  of  rigidity  or  modulus  of  elasticity*  in 

torsion  (=  about  12,000,0001b.  per  sq.  in.  for  steel). 

L   ~   length  of  the  pendulum  rod. 
r   and  8   are  as  above. 

Hence 

^   EJd 

and  substituting  this  in  Eq.  (7-1) 

t   ==  27r 

Wk^L 
(7-2) 

The  frequency  of  vibration  is  the  reciprocal  of  the  time,  hence 

*   The  propeller  has  such  a   hij^h  inertia  that  it  is  approximately  the  equiva- 
lent of  the  rigid  support  in  Fig.  7-J  {B).  Idiis  siinplyfying  assumption 

suffices  for  preliminary  considerations  only,  however. 
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where  /   =   number  of  vibrations  per  second  and  all  other  symbols 
are  as  above. 

If  the  frequency  is  expressed  in  vibrations  per  minute, 

(7-4) 

where  N   ==  number  of  vibrations  per  minute  and  all  other 

symbols  are  as  above. 

For  steel,  if  g   is  in  inches  per  second  per  second,  Eq.  (7-4)  may 

he  expressed  as 

(7-5) 

where  N   =   number  of  vibratiohs  per  minute. 

J   =   polar  moment  of  inertia  of  the  pendulum  shaft  or 

rod,  in.^ L   =   length  of  the  shaft  or  rod,  in. 

W   =   weight  of  the  mass  corresponding  to  the  crank  arms 
and  counterweights,  lb. 

k   =   radius  of  gyration  of  the  weight  IF,  in. 

The  crankshaft  is  considerably  more  complex  than  the  tor- 

sional pendulum,  but  it  acts  in  much  the  same  way.  Hence 

its  natural  frequency  of  torsional  vibration  varies  (a)  as  the 

square  root  of  the  polar  moment  of  inertia  of  the  shaft  section,  (6) 

inversely  as  the  square  root  of  the  weight  of  crank  arms  and 

counterweights,  (c)  inversely  as  the  radius  of  gyration  of  its 

crank  arms  and  counterweights,  and  (d)  inversely,  as  the  square 

root  of  its  length. 

Referring  again  to  Fig.  7-1  (R),  if  cam  S   Avas  rotated  at  such  a 

speed  that  a   blow  was  struck  by  the  hammer  every  time  the  rod 

arm  passed  point  C   in  direction  N ̂   severe  vibration  would  result. 

If  the  cam  were  slowed  down  to  where  the  hammer  struck  a 

blow  every  other  time  the  arm  passed  C   in  direction  N,  vibration 

would  again  occur,  but  it  would  be  less  severe  because  the 

natural  damping  forces  would  have  more  time  to  act  between 

blows.  Similarly,  as  the  speed  of  cam  was  further  decreased, 

still  less  severe  vibrating  periods  would  be  encountered.  The  net 
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result  would  be  that  within  a   sufficiently  large  range  of  cam  speed 

there  would  be  a   series  of  speeds  at  which  vibration  would  occur, 

and  at  each  succeeding  lower  critical  speed  the  vibration  would 

8   16  24  32  40 

R.p.m.-rlOO 

350  0   10  20  30  40  50  60  10  80  90 

Croink  angle,  deg. 
(B) 

Fig.  7-2. — For  descripitive  logond  seo  opposite  i>age. 

be  less  severe.  Figure  7-2  indicates  the  sovf^i'ity  of  stresses 

(proportional  to  ratio  of  actual  torque  to  gas  torqu<^)  that  hav(i 

been  found  to  exist  in  radial  engines. 
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In  crankshafts,  study  of  these  critical  speeds  is  termed  harmonic 

analysis,  because  it  can  be  demonstrated  mathematically^'  that 
they  can  be  represented  by  a   constant  mean  value  and  a   series  of 

harmonics  or  sine-curve  functions,  i.e.,  a   Fourier  series.  Analy- 

sis by  this  means^’^®  is  beyond  consideration  here,  but  it  should 

be  noted  that  the  most  severe  vibrations  occur  at  the  higher 

speeds,  and  that  by- suitable  design  the  worst  critical  speeds  can 

usually  be  made  to  occur  above  the  maximum  speed  at  which 

R.p.m.'r  100 
(C) 

Fig.  7-2. — Effect  on  crankshaft  torsional  stresses  due  to  resonant  or  critical 
speeds.  (.4)  Effect  of  resonance  on  the  amplitude  of  torsional  vibration  in  a 

nine-cylinder  radial  engine.  (J5)  (1)  Torque  acting  on  crankshaft  and  (2)  torque 
in  crankshaft  at  a   resonant  speed  in  a   nine-cylinder  radial  engine.  {From 
S.  A.  E.  Jour.,  VoL  3S,  No.  3).  (C)  (1),  (2)  Observed  actual  torque  and  (3), 

(4)  and  (5)  torque  due  to  gas  pressure  in  a   radial-engine  crankshaft.  {From 

Judge,  ̂ ‘’Automobile  and  Aircraft  Engines 

the  engine  is  to  be  operated.  Inspection  of  Eq.  (7-5)  indicates 

that  the  crankshaft  may  be  designed  against  severe  torsional 

vibration  by  increasing  the  polar  moment  of  inertia  of  the  shaft 

cross  section,  decreasing  the  weight  of  crank  arms,  eliminating 

or  reducing  the  size  of  counterweights,  reducing  the  radius  of 

gyration  of  crank  arms  and  counterweights,  and  using  as  short  a 

crankshaft  length  as  possible.  Since  J :   L   is  a   measure  of  the 

stiffness  of  the  crankshaft  and  Wk^  is  the  moment  of  inertia 

of  crank  arms  and  counterweights,  it  follows  that  the  crankshaft 

should  be  as  stiff  as  possible  and  have  a   low  moment  of  inertia  of 

its  crank  arms  and  counterweights.  Stiffness  may  be  increased 
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without  increase  in  weight  by  using  hollow  crankpins  and  jour- 

nals. Chamfering  and  rounding  of  crank  arms  (Fig.  5-15)  and 

elimination  of  counterweights  wherever  possible  will  contribute 

to  reducing  the  moment  of  inertia. 

An  alternate  method  of  reducing  torsional  vibration  in  radial 

engines  that  haS  been  found  to  be  very  effective  is  the  pendulum 

type  of  vibration  absorber. It  can  be  demonstrated  that  by 

mounting  a   pendulous  weight  of  suitable  proportions  opposite 

the  crank  arms^  practically  complete  damping  of  torsional 

vibration  can  be  had.  Since  radial  engines  require  counter- 

weights for  proper  balance,  and  since  it  is  possible  also  to  use 

these  counterweights  for  the  pendulum  mass,  practically  com- 

plete elimination  of  torsional  vibration  may  be  attained  without 

adding  any  dead  weight  to  the  engine.  -The  device  has  so  far 

found  its  greatest  application  in  very  high-powered  engines 

where  the  crankshaft  is  already  highly  stressed  and  any  addi- 

tional vibration  stresses  become  very  critical. 

7-5.  Types  of  Crankshaft  Balance. — Before  considering  the 
effects  of  unbalanced  rotating  and  unbalanced  reciprocating 

parts '*(items  3   and  4,  Par.  7-2),  it  is  advisable  to  fix  clearly  in 

mind  the  three  types  of  crankshaft  balance.  They  are'*^ 
1.  Static  balance. 

2.  Dynamic  balance. 
3.  Deflection  balance. 

Considering  these  items  in  order,  static  balance  is  that  condi- 

tion in  the  crankshaft  in  which  the  algebraic  sum  of  all  moments  of 

radial  forces  about  the  axis  of  support  is  zero.  An  example  of 

this  condition  is  illustrated  in  Fig.  7-3  (A)  in  which  the  shaft  is 

supported  by  the  bearings  M   and  N.  Obviously  the  shaft  will 

remain  in  any  position  since  2W  X   =   TF  X   2R,  and  the  lever 

arms  decrease  in  the  same  proportion  for  any  angular  position 

of  the  shaft  to  the  condition  shown  in  the  figure. 

The  conditions  for  dynamic  balance  require  that  the  algebraic 

sum  of  all  moments  of  radial  forces  about  an  axis  perpendicular 

to  the  axis  of  support  must  be  equal  to  zero.  Shaft  (A),  Fig.  7-3, 

will  not  meet  this  condition,  for,  during  rotation,  the  centrifugal 

forces  on  the  weights  will  produce  a   rotating  ccjuple  that  can  bo 

balanced  only  by  reaction  forces  at  the  bearing  supports  M   and 

N.  In  Fig.  7-3  {B),  however,  the  shaft  is  in  dynamic  balance,  as 
the  taking  of  moments  about  either  M   or  N   will  show.*  Thus 
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taking  moments  about  M, 

=   2F(2  +   1)  -   (2F  +   4F)  0 

To  attain  dynamic  balance,  a   shaft  must  also  be  in  static  balance. 

Deflection  balance  requires  that  there  be  no  deflection  of  the 

shaft  due  to  the  centrifugal  loads  produced  by  the  weights. 

Shaft  (B),  Fig.  7-3,  when  rotating,  will  be  deflected  as  shown  by 

the  dashed  curve  (exaggerated) . 

Obviously,  deflection  balance  can 

be  attained  only  when  all  forces 

are  balanced  by  equal  forces  in 

their  respective  planes  of  rotation. 

Extreme^  deflection  unbalance 

tends  to  produce  high  localized 

bearing  pressures  even  though  the 

shaft  is  dynamically  balanced. 

This  is  due  to  distortion  of  the 

journals. 

Static  balance  in  an  aircraft- 

engine  crankshaft  is  necessary  to 

satisfactory  operation  as,  obviously, 

its  absence  would  produce  severe 

shaking  (vibration)  that  could  not 

be  tolerated.  Engines  having  only 

one  crank  throw,  i.e,,  single-bank 

radials,  must  have  counterbalanced 

crankshafts  to  attain  static  bal- 

ance. Multi  throw  crankshafts  in 

practically  all  cases  have  the 

cranks  symmetrically  spaced  about 

the  crankshaft  axis.  Hence  they  are  in  inherent  static  balance 

if  properly  constructed. 

Dynamic  balance  requires  the  use  of  counterweights  on  multi- 

throw as  well  as  single-throw  crankshafts.  I^early  all  modern 

automotive  and  aircraft  engines  are  dynamically  balanced,  but 

counterweights  on  in-line  and  Y-aircraft  engines  are  not  altogether 

desirable  because  (a)  the  added  weight  of  counterbalancing  is 

undesirable  and  {b)  the  added  rotating  mass  contributes  to  lower- 

ing the  stw^ere  torsional  vibration  periods  into  the  useful  speed 

range  of  the  engine  [Eq.  (7-5)], 

2R 
(C) -Deflection  bnloince 

ZF 

Fig.  7-3. — Three  types  of  bal- 
ance. in  engine  crankshafts. 

(^Adapted  from  Huebottcr,  "'‘Me- 

chanics of  the  OasoHrie  Engine.''’) 
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Complete  deflection  balance  is  impossible  in  conventional 

t^^pes  of  engines  as  the  counterweights  would  have  to  be  in  the 

plane  of  the  connecting  rods  and  hence  would  not  permit  the 

necessary  mechanical  clearance.  However,  deflection  balance 

can  be  closely  approached  by  placing  the  counterweights  as  near 

the  plane  of  the  connecting  rods  as  proper  mechanical  clearance 

will  permit. 

7-6.  Unbalanced  Rotating  Parts. — The  balance  of  rotating  parts 

(item  3,  Par.  7-2)  is  a   relatively  simple  matter  in  conventional 

types  of  engines  as  it  consists  merely  in  providing  counterweights 

on  the  opposite  side  of  the  axis  of  rotation  to  the  unbalanced  parts. 

In  the  case  of  an  unbalanced  crank  throw,  the  weight  or  weights 

cannot  be  placed  directly  opposite  the  center  of  the  crankpin, 

but  a   weight  can  be  attached  to  each  crank  arm  and  so  near  the 

plane  of  rotation  of  the  crankpin  center  that  deflection  unbalance 

is  quite  small. 

The  centrifugal  force  due  to  an  unbalanced  rotating  mass 

[Eq.  (5-1)],  is  a   function  of  the  weight  of  the  unbalanced  mass 

and  the  distance  from  the  axis  of  rotation  to  its  center  of  gravity. 

Obviously,  a   counterweight  or  counterweights  located  on  the 

opposite  side  of  the  axis  of  rotation  from  the  rotating  mass  to  be 

balanced  and  having  a   weight  and  moment  arm  such  that  the 

product  will  equal  the  product  of  the  unbalanced  weight  and  its 

moment  arm  will  balance  the  system.  In  aircraft  engines,  it  is 

desirable  to  place  the  counterweights  as  far  from  the  center  of 

rotation  as  crankcase  clearance  and  other  limitations  will  permit 

as  this  will  avoid  the  use  of  unnecessary  dead  weight  in  the  engine. 

7-7.  Unbalanced  Reciprocating  Parts. — In  the  development  of 

the  expression  for  reciprocating  inertia  force  [Eq.  (1-8)],  it  was 
shown  that 

Fj,  -=  0.0000284iV2ir7^(cos  ^   ^   cos  2$)  (7-6) 

where  Fr  =   reciprocating  inertia  force,  lb. 

N   —   r.p.m.  of  the  crankshaft. 

W   =   weight  of  reciprocating  parts,  lb. 

R   —   crank  radius,  in. 

d   =   the  angular  displacement  of  the  crankshaft  from  tlio 
dead  center,  deg. 

Z   =   R/L. 

L   ==  the  center-to-center  length  of  the  connecting  rod,  in. 
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This  force  acts  along  the  cylinder  center  line^  and  its  reaction 

tends  to  (a)  distort  the  crankshaft  and  (6)  move  the  supports 

for  the  crankshaft,  f.c.,  shake  the  engine.  The  amount  of  this 

shaking  or  vibration  varies  with  the  number  and  arrangement 

of  the  cylinders,  and  when  favorable  conditions  exist,  .z.c.,  these 

shaking  forces  vary  at  a   frequency  at  or  near  the  natural  period 

of  vibration  of  the  engine  or  its  supports,  seriops  vibration  can 

occur.  Hence,  it  is  advisable  to  investigate  these  forces  with  a 

view  to  balancing  them  by  suitable  counterweights  or  other 
means. 
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Pig.  7-4. — Primary,  secondary,  and  resultant  reciprocating  inertia  forces  for 

a   41'^-  by  59^-in.  2,000-r.p  .m.,  single-cylinder  engine  having  a   weight  of  recipro- 
cating parts  equal  to  4   lb. 

For  this  purpose,  Eq.  (7-6)  may  be  divided  into  two  terms,  i.e., 

Fr  ==  0.0000284iV21Ti^  cos  d   +   O.OOQQ2S>4cN^^WRZ  cos  26  (7-7) 

The  first  term  in  this  expression  is  usually  called  the  primary 

reciprocating  inertia  force,  and  the  second  is  called  the  secondary 

reciprocating  inertia  force.  The^^  are  also  called  the  first  and 

second  harmonics  since,  if  plotted  against  crank  angle,  they  will 

form  cosine  curves*  (Fig.  7-4). 

'Inspection  of  the  primary  force  in  Eq.  (7-7)  and  comparison 

with  Eq.  (5-1)  shows  that  the  two  are  the  same  except  for  the 

value  of  IT  and  the  factor  cos  6,  This  suggests  a   logical  approach 

to  balancing  the  primary  reciprocating  inertia  force  by  attaching 

a   counterweight  opposite  the  crankpin  such  that  its  centrifugal 

force  will  balance  the  primary  reciprocating  inertia  force.  Such 

a   procedure  makes  ]Dossible,  for  a   single-cylinder  engine,  complete 

*   A   cosine  curve  is  the  sumo  us  u   sine  curve  displuced  at  tin  anj2;le  of  90  deg. 
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balance  of  the  primary  force  at  the  0-  and  180-deg.  positions 

where  cos  9   equals  1,  but  at  the  90-  and  270-deg.  positions  the 

primary  reciprocating  inertia  force  is  zero 

(cos  90  and  cos  270  =   0), 

whereas  the  centrifugal  force  on  the  counterweight  is  the 

same  as  for  the  0-  and  180-deg.  positions.  Obviously,  com- 

pletely balancing  the  maximum  primary  reciprocating  inertia 

force  by  a   rotating  counterweight  on  the  crankshaft  merely  shifts 

the  unbalance  from  the  plane  of  the  cylinder  axis  to  a   plane  nor- 

mal to  this  axis!  This  is  illustrated  in  Fig.  7-5  where  Frp  repre- 

sents the  primary  reciprocating  inertia  force  which  always  acts 

along  the  center  line  of  the  cylinder,  Fc  is  the  centrifugal  force 

Fia.  7-5. — Counterweight  method  of  balancing  the  primary  reciprocating  inertia 

force  in  a   single-cylinder  engine. 

on  the  primary  counterbalancing  weight,  Fbp  is  the  component 

of  Fc  which  opposes,  f.c.,  balances,  Frp,  and  is  the  unbalanced 

transverse  force  component  of  Fc,  Use  of  a   counterweight  that 

will  balance  one-half  of  the  primary  reciprocating  inertia  force 

is  about  the  best  compromise,  as  this  will  give  forces  parallel 

and  normal  to  the  cylinder  axis  of  the  single-cylinder  engine 

which  are  each  one-half  of  the  magnitude  of  the  initial  primary 

reciprocating  unbalance. 

Sevei’al  other  means  have  been  tried  for  balancing  the  primary 

force  in  a   single-cylinder  engine,  but  they  require  more  or  less 

modification  of  the  simple  and  conventional  crank  chain  and  are 

not  commonly  used  in  aircraft  engines.  For  a   discussion  of  these 

methods,  the  student  should  consult  references  1   and  9. 

The  secondary  reciprocating  inertia  forces,  as  is  indicated  in 

Eq,  (7-7)  and  Fig.  7-4,  vary  at  twice  crankshaft  speed.  Hence, 

they  cannot  be  balanced  by  a   counterweight  rigidly  attached 

to  the  crankshaft.  Fortunately,  the  secondary  unbalance  is 
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much  less  than  the  primary  unbalance,  the  relative  magnitude 

depending  upon  the  L/R  ratio.  As  a   rule,  no  attempt  is  made  to 

balance  the  secondary  forces  in  a   single-cylinder  engine,  but  the 

Lanchester  balancer^  has  been  used  to  some  extent  on  four- 

cylinder  in-line  automotive  engines. 

Equation  (7-6)  does  not  precisely  represent  the  reciprocating 

inertia  forces,  as  in  its  derivation  (Pars.  4-2  and  4-5)  the  smaller 

Fig.  7-6. — Various  arrangements  of  two-cylinder  engines. 

terms  were  neglected.  These  smaller  terms  are  functions  of 

6   and  R/L,  and  each  succeeding  term  may  be  represented  b^^  a 

cosine  curve  of  higher  frequency  and  less  magnitude.  These 

higher  harmonics  produce  minor  shaking  forces  or  vibrations, 

but  due  to  their  small  magnitude,  they  are  generally  neglected. 

7-8.  Reciprocating  Balance  in  Multicylinder  Engines.  1. 

The  Two-cylinder  l7i-line  Engine. — In  a   multicylinder  engine, 
each  cylinder  when  considered  separately  will  produce  shaking 

forces  in  the  same  way  as  in  a   single-cylinder  engine,  but  by 

suitably  arranging  the  different  cylinders  and  the  angular  rela- 

tions of  the  crank  arms,  part  or  all  of  the  unbalance  in  the  engine 
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as  a   whole  may  be  eliminated.  In  the  two-cylinder  in-line  engine 

[Fig.  7-6  (di)],  the  crank  arms  are  at  an  angular  relation  of  180 

deg.;  hence,  when  one  piston  is  moving  down  the  other  is  moving 

up.  This  displaces  the  primary  reciprocating  forces  at  180  deg. 

and,  as  will  be  seen  in  Fig.  7-7,  the  resultant  primary  unbalance 

Fig.  7-7. — Construction  showing  that  the  primary  reciprocating  inertia  forces 
are  balanced  in  a   two-cylinder  engine  having  a   crank  arrangement  as  in  Fig.  7-6 
(A).  by  cylinder,  2,000  r.p.m,,  4   lb.  reciprocating  weight. 

Crank  angle,  deg. 

Fig,  7-S. — Construction  showing  that  the  secondary  reciprocating  inertia  farces 
are  not  balanced  in  a   two-cylinder  engine  having  a   crank  arrangement  as  in 

Fig.  7-6  {A).  by  5^"^-in.  cylinder,  2,000  r.p.m.,  4   1b.  reciprocating  weight. 
Amount  of  maximum  unbalance  is  2   X   maximum  unbalance  for  one  cylinder. 

for  the  engine  is  zero.  This  means  that, the  engine  will  not 

tend  to  move  up  and  down  in  the  plane  of  the  cylinders  because 

of  primary  unbalance.  However,  each  cylinder  taken  separately 

still  has  primary  unbalance,  and  as  these  unbalanced  forces 

in  the  different  cylinders  do  not  act  along  the  same  line,  they  will 

produce  a   rocking  couple  which  tends  to  oscillate  the  engine  about 

an  axis  normal  to  the  plane  of  the  cylinders.  The  magnitude  of 

this  couple  depends  upon  the  magnitude  of  the  primary  unbalance 
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in  each  individual  cylinder  and  the  distance  between  the  centei 

lines  of  the  cylinders,  i.e.,  distance  Fig.  7-6  (A),  Obviousl^^ 

an  engine  of  this  type  should  have  its  cylinder  center  lines  as 

close  together  as  other  limitations  will  permit. 

The  secondary  reciprocating  inertia  forces  of  the  engine  in 

Fig.  7-6  (A)  will  also  be  displaced  180  deg.,  but  upon  combining 

them  graphically  (Fig.  7-8)  it  is  seen  that  they  do  not  cancel. 

Pig.  7-9. — Construction  showing  that  the  primary  reciprocating  inertia  forces 
give  a   constant  radial  rotating  force  in  a   90-deg.,  single-crank,  two-cylinder 

Y-engine,  Fig.  7-6  {B).  4I2- t>y  53*^-in.  cylinder,  2,000  r.p. in.,  4 lb.  reciprocating 
weight  per  cylinder. 

. Hence,  the  secondary  forces  in  this  type  of  engine  are  not  bal- 

anced, and  as  will  be  seen  from  the  figure,  the  maximum  secondary 

unbalance  is  twice  that  for  one  of  the  cylinders . 

2.  The  Two-cylNidei'  Single-crank  Y -engine . — By  arranging  the 

engine  as  in  Fig.  7-6  (^),  the  unbalanced  reciprocating  forces  due 

to  each  cylinder  act  at  an  angle  ol  to  one  another.  The  resultant 

unbalance  may  bo  determined  by  adding  them  vectorially 

(Figs.  7-9  and  7-10).  An  example  of  primary  unbalance  deter- 

mination is  shown  in  Fig.  7-9  in  which  it  is  seen  that  the  resultant 
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primary  unbalance  is  a   constant  radial  force  that  rotates  with  the 

crankshaft.  For  a   90~deg.  V-engine,  this  primary  unbalance  is 

equal  to  the  maximum  primary  unbalance  for  one  of  the  cylinders 

taken  separately.  Obviously,  since  the  primary  unbalance  of 

the  engine  in  Fig.  7-6  (15)  is  constant  and  rotates  with  the  crank- 

shaft, it  may  be  balanced  by  a   suitable  counterweight  attached 

opposite  the  crank  arm. 

An  example  of  secondary  unbalance  determination  for  the 

engine  in  Fig.  7-6  (5)  is  shown  in  Fig.  7-10.  The  resultant  is  a 

Fig.  7-10. — Construction  showing  that  the  secondary  reciprocating  inertia 
forces  in  a   90-deg,  single-crank,  two-cylinder  V-engine,  Fig.  7-6  {B)  combine  to 

form  a   transverse  resultant  force  that  varies  at  twice  crankshaft  speed.  4}-^-  by 
5^-m.  cylinder,  2,000  r.p.m.,  4   lb.  reciprocating  weight  per  cylinder. 

transverse  force  which  varies  at  twice  crankshaft  speed  and  has  a 

value  for  a   90-deg.  V-engine  of 

Fsr  = 

where  Fqr  —   secondary  resultant  force. 

Fksi  =   secondary  force  in  cylinder  1. 

Frs^  =   secondary  force  in  cylinder  2. 

3.  The  Two-cylinder  Opposed  Engine, — In  this  type  of  engine, 

the-pistons  always  move  in  opposite  directions;  hence  the  primary 

forces  in  one  cylinder  cancel  these  forces  in  the  other  cylinder. 

The  secondary  forces  also  cancel  as  will  be  seen  from  Fig.  7-11, 

but  for  the  conventional  crankshaft-cylinder  arrangement  shown 

in  Fig.  7-6  (C),  there  will  be  a   rocking  couple  which  tends  to 

oscillate  the  engine  in  the  plane  of  the  cylinder  center  lines.  This 
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couple  is  proportional  to  the  distance  /S  between  the  cylinder 

center  lines;  hence,  as  in  the  case  of  the  two-cylinder  in-line  engine 

[Fig.  7-6  (A)],  it  is  desirable  to  have  these  center  lines  as  close 

together  as  possible.  When  this  distance  S   is  small,  the  t^vo- 

cylinder  opposed  engine  is  a   rather  satisfactory  type  for  small 

inexpensive  light  planes. 

4.  The  Three-cyli7ider  In-line  Engine. — In  this  type  of  engine 

(Fig.  7-12),  the  crank  arms  are  at  an  angle  of  120  deg.  The 

40  80  120  160 
Crank  angle,  deg. 

Fig.  7-11,^ — Construction,  showing  that  the  secondary  reciprocating  inertia 
forces  are  balanced  in  a   two-cylinder  engine  having  a   crank  arrangement  as  in 

Fig.  7-6  (C).  43^^-  by  5®-^-in.  cylinder,  2,000  r.p.ni.,  4   lb.  reciprocating  w’eight  per 
cylinder. 

FI  FI 

Fig.  7-12. — Crank  arm  arrangement  for  the  three-cylinder  in-line  engine. 

cylinder  axes  are  all  in  the  same  plane,  however,  and  a   graphical 

determination  of  the  degree  of  unbalance  may  be  made  by  shifting 

the  primary  and  secondaiy  reciprocating  inertia  force  curves 

through  an  angle  of  120  deg.  and  then  combining  them.  This 

has  been  done  (Figs.  7-13  and  7-14),  and  from  these  diagrams  it  is 

seen  that  both  the  primary  and  secondary  reciprocating  inertia 

force  resultants  are  zero.  Hence,  the  three-cylinder  in-line  engine 

is  balanced,  but  rocking  couples  still  exist  which  tend  to  oscillate 

the  engine -about  an  axis  normal  to  the  plane  of  the  c^dinders. 
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The  magnitude  of  these  rocking  couples  can  be  reduced  by 

placing  the  center  lines  of  the  cylinders  as  close  together  as 

possible, 

5.  The  Four-cylinder  In-line  Engine. — This  arrangement  ‘usu- 

ally consists  of  two  two-cylinder  engines  [Fig.  7-6  (A)],  with  the 
crank  arms  arranged  so  that  the  two  inner  cranks  are  parallel 

Fig.  7-13. — Construction  showing  that  the  primary  reciprocating  inertia  forces 

in  a   three-cylinder  in-line  engine  arranged  as  in  Fig.  7-12  are  balanced.  43='^-  by 

S^-^-in.  cylinder,  2,000  r.p.m.,  4   lb.  reciprocating  weight  per  cylinder. 

1200| 

800  w   .   .   u   .   . 
Cy//nofGr  No.  /   Cy/mder  No.  2 

:0  40o:  ^   .   ... 

X   rx 
'400  ...  . 

Cy/inder  No.Z  ResuIfofnf/=0) 

1200 
0   40  80  \20  160  200  240  280  320  360 

Crotnk  c?jngle,  deg. 

Fig.  7-14. — Construction  showing  that  the  secondary  reciprocating  inertia 
forces  are  balanced  in  a   three-cylinder  in-line  engine  arranged  as  in  Fig.  7-12. 

by  5^^"^-in.  cylinder,  2,000  r.xi.in.,  4   lb.  reciprocating  weight  per  cylinder. 

and  extend  in  the  same  direction  and  the  two  outer  cranks  arc 

parallel  and  at  an  angle  of  180  deg.  to  the  inner  cranks.  Such 

an  arrangement  will  have  the  same  balance  characteristics  as  the 

two-cylinder  in-line  engine,  and  in  addition  the  rocking  couples 

will  cancel.  It  should  be  noted,  however,  that  the  unbalanced 

secondary  forces  in  the  four-cylinder  in-line  engine  will  sum  up  to 

twice  the  magnitude  of  the  two-cylinder  engine  of  the  same  size 

cylinders,  reciprocating  weights,  etc. 
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This  unbalanced  secondary  force  is  of  sufficient  magnitude  in 

the  four-c^dinder  in-line  engine  to  cause  appreciable  vibration, 

especially  at  synchronous  speeds,  and  considerable  attention  has 

been  directed  toward  effectiveh^  counteracting  it.  For  this  pur- 

pose, the  Lanchester  balancer  or  antivibrator  has  proved  effective, 

but  for  aircraft  engines,  the  added  weight  is  objectionable. 

Fig.  7-15. — Conventional  crank-arm  arrangement  in  the  six-cylinder  in-line 
engine. 

Fig.  7-16. — Con- 
ventional crank-arm 

arrangement  in  the 

eight-cylinder  V-en- 

gine. 

6.  The  Six-cylinder.  I n--line  Engine. — The  usual  crank  arrange- 

ment for  this  type  of  engine  (Fig.  7-15)  is  such  that  it  consists 

of  two  three-cylinder  engine  crankshafts  arranged  so  that  crank 

arms  1   and  6,  2   and  5,  and  3   and  4   are  parallel  and  extend  in 

^   the  same  directions,  respectivel3^.  Hence, 

J   primary  and  secondary  forces  are  bal- 
anced  and  the  rocking  couples  cancel.*  The 

^ '   six-cjdinder  in-line  engine  is  smooth  and 

Fig.  7-16. — Con-  quite  free  from  vibration  due  to  reciprocat- 
ventional  crank-arm  .   ,   , 

arrangement  in  the  purtS.J 

eight-cylinder  V-en-  Since  the  twelve-c\dinder  Y-engine  is  essen- 

tially  two  six-c^dinder  in-line  engines  attached 

to  the  same  crankshaft,  it  is  also  inhereiitU^  free  from  vibration 

due  to  reciprocating  parts.  ' 

7.  The  Eight-cylinder  V -engine. — Eight-c^^linder  V-engine 

crankshafts  be  arranged  either  in  one  plane  (the  same 

as  four-c^dinder  in-line  engine  shafts)  or  preferably"  in  two  planes 

(Fig.  7-16).  With  the  one-plane  arrangement,  forging  and  other 

construction  problems  are  simplified,  but  the  secondary  forces 

are  not  balanced.  The  magnitude  of  the  unbalance  dex:)ends 

upon  the  angle  of  the  the  minimum  severity  being  at  an  angle 

of  60  deg.,  but  this  gives  unequal  firing  intervals. 

It  was  noted  in  Par.  7-8,  item  2,  that  the  primary  forces  in  a 

two-cylinder  V-engine  could  be  balanced  liy  moans  of  a   rotating 

See  footnote  %   of  TaVile  7-1. 

t   The  si.xth  harmonics  are  not  balan<*ed,  hut  the  magnitude  of  tiie  unbal- 

ance is  so  small  that  it  is  negligible,  see  referem'o  9. 
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weight  attached  opposite  the  crank  arm,  and  since  the  eight- 

cylinder  V-engine  may  be  considered  as  four  two-cylinder 

V-engines,  it  is  apparent  that  primary  reciprocating  inertia  forces 

may  be  balanced  by  means  of  suitable  counterweights. 

From  Fig.  7-10,  it  was  observed  that  the  secondary  forces  in 

a   90-deg.  two-cylinder  V-engine  combine  to  form  a   transverse 

Fig.  7-17. — Construction  showing  that  the  primary  reciprocating  inertia 
forces  in  a   three-cylinder  single-crank  radial  engine  have  a   constant  resultant 

that  acts  outward  along  the  crank-arm  center  line.  43^-  by  5^-in.  cylinders, 
2,000  r.p.m.,  4   lb.  reciprocating  weight  per  cylinder. 

force  having  a   period  twice  crankshaft  speed.  With  the  crank 

arrangement  shown  in  Fig.  7-16,  this  force  at  crank  1   is  Opposite 

in  direction  to  the  secondary  force  at  crank  4.  Therefore  the 

secondary  forces  at  these  two  cranks  will  cancel.  Similarly,  the 

secondary  forces  at  cranks  2   and  3   will  cancel,  and  the  engine  will 

have  inherent  secondary  reciprocating  balance.  Also  the  rocking 

couples  will  cancel;  hence  the  eight-cylinder  V-engine  having  a 

crank  arrangement  as  in  Fig.  7-16  may  be  made  relatively  free 

from  vibration  due  to  reciprocating  inertia  forces. 
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8.  Radial  Engines. — To  permit  even  firing  intervals,  single- 

bank radial  engines  are  built  with  an  odd  number  of  cylinders 

equally  spaced  around  the  crankshaft.  The  number  of  cylinders 

may  be  3,  5,  7,  or  9,  with  the  latter  three  numbers  much  the  more 
common. 

Balance  conditions  in  radial  engines  may  be  studied  graphically 

by  a   procedure  similar  to  that  for  the  two-cylinder  V-engine,  but 

for  engines  of  more  than  three  cylinders,  the  construction  becomes 

somewhat  tedious,  and  analytical  methods  are  preferable. 

Tigure  7-17  shows  the  construction  procedure  for  a   three- 

cylinder  single-crank  radial.  In  this  figure,  it  is  seen  that  the 

primary  reciprocating  inertia  forces  combine  to  form  a   constant 

rotating  force  that  acts  outwardly  along  the  crank  arm.  Hence, 

the  unbalanced  primary  force  may  be  balanced  by  a   suitable 

counterweight  placed  opposite  the  crank  arm.  Data  for  con- 

structing Fig.  7-17  were  taken  from  Fig.  7-4,  and  from  the  values 

shown,  it  is  seen  that  the  magnitude  of  the  rotating  primary 

unbalance  is  1.5  times  the  maximum  primary  unbalance  for  one 

cylinder  or  one-half  the  maximum  for  all  three  cylinders. 

This  conclusion  msiy  also  be  I'eached  b^^  anal^^tical  methods,^ 
and  the  unbalance  expressed  as 

Ffr  ==  M(0.0000284iY2TFi^)  (7-8) 

where  Fp^  =   resultant  primary  unbalanced  reciprocating  inertia 
force,  lb. 

N   =   r.p.m.  of  the  crankshaft. 

W   =   reciprocating  weight  per  cylinder,  lb. 

R   =   crank  radius,  in. 

It  may  also  be  shown  by  analytical  methods^  that  for  any  single- 
crank  radial  engine  having  an  odd  number  of  cylinders 

Fpk  =   ~   (0.0000284N-JVR)  (7-9) 

where  n   is  the  number  of  cylinders  and  all  the  other  terms  are  the 

same  as  in  Eq.  (7-8). 

By  procedure  similar  to  that  used  in  Fig.  7-17  or  by  analytical 

methods,  it  may  be  shown  that  the  secondary  reciprocating  inertia 

forces  in  a   three-cylinder  radial  engine  are  one-half  balanced  and 

that  the  resultant  secondary  force  rotates  in  the  opposite  direction 

to  the  crankshaft  and  at  twice  crankshaft  speed.  Obviously,  it 
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is  impractical  to  balance  the  secondary  reciprocating  inertia 

forces  in  a   three-cylinder  single-crank  radial  engine.  The 

secondary  forces  in  single-crank  radials  of  more  than  three  cylim 

ders  are  balanced,  however,  and  this  already  has  been  demon- 

strated for  a   five-cylinder  radial  (see  Fig.  5-8). 

9.  Summary  of  Reciprocating  Balance. — For  convenient  refer- 

ence, and  to  check  the  reciprocating  unbalance  quickly,  Table  7-1 

may  be  used.  It  should  be  borne  in  mind,  however,  that  even 

though  a   multicylinder  engine  is  inherently  balanced  as  a   whole, 

its  reciprocating  parts  may  be  individually  unbalanced  and 

produce  stresses  within  the  engine.  For  instance,  a   six-cylinder 

in-line  engine  is  inherently  balanced,*  but  individual  cylinders 
are  not,  and  the  reciprocating  parts  in  these  cylinders  cause 

stresses  in  the  crankshaft  and  other  parts  even  though  there  is  no 

appreciable  tendency  for  the  engine  as  a   whole  to  vibrate. 

Hence,  counterweights  greater  than  necessary  for  rotating 

unbalance  help  to  reduce  deflection  unbalance  even  in  an  engine 

having  inherent  reciprocating  balance.  However,  for  aircraft 

engines,  the  added  weight  is  objectionable. 

7-9.  Counterbalancing. — Counterweights  are  attached  to  en- 
gine crankshafts  to 

1.  Attain  static  balance  of  rotating  parts.  In  in-line  and 

V-engines,  the  several  crank  arms  are  usually  placed  symmetri- 

cally about  the  shaft  axis  so  that  counterweights  are  unnecessary 

for  static  balance.  However,  in  single-crank  engines  such  as 

radials,  counterweights  are  necessary  to  attain  static  balance. 

2.  Obtain  d^mamic  balance.  This  condition  is  desirable  as  it 

aids  in  reducing  bearing  pressures,  but,  for  aircraft  engines,  the 

added  weight  is  undesirable. 

3.  Improve  deflection  balance.  Placing  counterweights  as 

nearly  opposite  the  crank-arm  center  of  gravity  as  possible 

reduces  the  distoi’tion  of  the  shaft  due  to  centrifugal  forces -on 

the  crank  arm,  and  this  in  turn  reduces  main  bearing  pressures. 

4.  Balance  one-half  of  the  primary  reciprocating  inertia  force. 

In  aircraft  engines,  where  weight  is  at  a   premium,  it  is  desirabki 

to  have  the  counterweights  as  small  as  possible,  and  since 

centrifugal  force  is  proportional  to  the  product  of  weight  and  the 

distance  from  the  center  of  gravity  of  the  weight  to  the  axis  of 

rotation,  it  is  desirable  to  place  the  weight  as  far  as  possible  from 

*   See  footnote  t   of  Table  7-1. 
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the  center  of  the  crankshaft  [see  Eq.  (5-1)].  The  limits  on  this 

radial  distance  are,  of  course,  the  clearances  in  the  crankcase, 

and,  as  an  increase  in  crankcase  dimensions  will  increase  the 

weight  of  that  part,  the  proper  length  of  counterweight  arms 

Table  7-1. — Reciprocatiis’^g  Balance  in  Conventional  Engines 

Cylinders 
Angle 

Primary" forces 

Secondary 

forces 

Rocking 

couples 

Feasible  to 

balance 

1 

No.' 

Arrange- 
ment 

between 

cranks 

1 1   crank Unbalanced Unbalanced None 

One^half  of 
primary 

force 
2 In-line 180  deg. Balanced Unbalanced Unbalanced 
2 

Opposed 
180  deg. Balanced Balanced Unbalanced 

3 In-line 120  deg. Balanced Balanced 
1   Unlialanced 

3 
Radial  * 

1   crank O   ne-half 
balanced  t 

0 11  e   -   h   a   1   f 
balanced  t 

None 
Other  half 

of  primary 
force 

4 In-line 180  deg. Balanced Unbalanced Balanced 

4 Opposed 
180  deg. Balanced Balanced Balanced 

5 
Radial* 

1   crank One-half 

1   balanced! 

1 

Balanced 
None Other  half 

of  primary force 

6 In-line 120  deg. Balanced Balanced 
Balanced  % 

7 
Radial* 

1   crank O   n   e   -   h   a   1   f 
balanced  t 

Balanced None Other  half 

of  primary force 

S V ISO  deg. 

4   cranks 

Balanced Unbalanced Balanced 

8 

V   
■ 

90  deg- Balanced Balanced Balanced 

9 
Radial* 

1   crank O   n   e   -   h   a,  1   f 
balanced  t 

1 

Balanced K   one Other  half 

of  primary 
force 

*   Radial  engines  have  some  slight  secondary  iiidmlaneo  owing  to  the 
articulated  rod  construction. 

t   Unbalance  is  one-half  of  maximum  imbalance  for  one  cylinder  times 

number  of  cylinders. 

t   In  reference  12  (now  out  of  print).  Prof.  Sharp  has  demonstrated  that 

.if  the  unbalance  of  the  connecting  rods  is  taken  into  account,  this  statement 

is  not  strictly  correct. 

becomes  a   compromise.  Usual  procedure  is  to  make  the  radial 

over-all  length  of  the  counterweights  about  equal  to  the  radial 
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distance  from  the  crankshaft  axis  to  the  outermost  part  of  the  big 

end  of  the  connecting  rod.  The  shape  of  the  weight  is  then  made 

such  that  its  center-of -gravity  distance  is  as  large  as  possible. 

Figures  7-18  and  7-19  show  some  geometric  shapes  that  give  a 

high  WRg  product  for  a   minimum  value  of  weight  (W)  and 

distance  to  outer  fiber  (R). 

Circular  Sector  (A) 

Area  =   0. 01745^220;,  sq.  in. 

Weight  =   0. 017 4.5TR^cxd,  lb. 

=   38.197  • 

d   =   density  of  material,  lb.  per  c\i.  in. 

t   \   i 
i   

(B) 

I*/"-! 

Circular  King  Sector  (J5) 

Area  =   0.01745(7^^  — ■   sq.  in. 

Weight  =   0-01745(722  _   r^)T  da,  lb. 

Mg 

d 

SlU  U   . 

38-197  in. 

density  of  material,  lb.  per  cu.  in. 

Circular  Segment  (C7) 

Area  =   722(0.01745  a   —   0.5  sin  2a),  sq.  in. 

Weight  =   722(0.01745  a   —   0.5  sin  2a),  Td,  lb. 

r>  _   ^   sin3  oc ^   ”   0.02617  a   —   0.75  sin  2a' 

d   =   density  of  material,  lb.  per  cu.  in. 

Pig.  7-18. — Counterweight  shapes  having  a   high  value  of  weight  X   distance 
to  center  of  gravity  (W72q)  for  given  values  of  weight  (W)  and  distance  to  outer 

fiber  (72).  (From  Huehotter,  '"'‘Mechanics  of  the  Gasoline  Engine 

7-10.  Example, — For  an  engine  having  the  following  (‘.haracter- 
istics,  determine  the  size  of  counterweights  necessary : 

Five-cylinder  single-bank  radial,  43-^^-  by  5-in.  cylinders,  2,000 

r.p.m.,  4-lb.  reciprocating  weight  per  cylinder,  12-lb.  rotating 

weight  per  crankpin,  crank-arm  details  as  shown  in  Fig.  7-20, 

ratio  of  connecting-rod  length  to  crank  radius  =   4:1,  allowable 

distance  to  outermost  part  of  counterweight  =   5.5  in. 

Procedure. — From  Par.  7-8,  items  8   and  9,  it  is  seen  that  one- 

half  of  the  primary  reciprocating  inertia  force  is  unbalanced  and 

that  it  is  feasible  to  balance  this  force  by  means  of  a   rotating 

counterweight.  From  Eq.  (7-9),  the  force  acting  along  the  crank 
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ai’m  due  to  reciprocating  unbalance  is 

Fpb  =   H (0-0000284  X   2;;000-  X   4   X   2.5)  =   2,840  lb. 

From  Eq.  (6-1),  the  centrifugal  force  due  to  the  big  end  of  the 

connecting  rods  (rotating  weight  per  crankpin)  is 

Fck  =   0.0000284  X   12  X   2(000“  X   2.5  =   3,408  lb. 

Circular 

Segment  and Triangle  (^4.) 

Area  =   Ap  +   As  =   122(0.017450:  —   0.5  sin  2o:) ,   sq.  in. 

L   =   -v'Fi^R  F   =   —   cos  oi) 
Weight  ==  (Ap  4“  A*s)  Td,  lb.  density  of  material,  lb.  per  cu.  in. 

Rgp  ==  iV  -b  . 

R   sin3  <x 

0.026170:  -   0.76  sin  2o:  Ap  -b  A 

Ut- 

Circular 

Segment  and 
Trapezoid  (B) 

Area  -   Aq  As  =   +   A)H  +   i22(0.01745o:  -   0.5  sin  2q:) 

Weight  =   {Aq  +   As)Td  d   =   density  of  material,  lb.  per  cu.  in. 

Rgq  =   ^ 
H{M  +   2L) 

3   (A/  -bA) 

Rg  — 

AqRqq  -j-  AsRgs 

Aq  -b  As 
Rgs 

0.02617o:  —   0.75  sin  2of 
=   ̂F(2R  —   F)  F 

Fio.  7-19. — Composite  counterweight  shapes. 

/ecl 
cos  c 

The  probable  easiest  way  of  finding  the  centrifugal  force  due 

to  the  unbalanced  portion  of  the  crank  arms  is  to  separate  the 

arms  into  several  simple  geometric  shapes,  determine  the  values 

for  each,  and  add  the  results. 
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Thus,  for  the  crankpin  the  volume  is 

Ycp  =   0.785(27^2  _   0252)3  =   8.93  cu.  in. 

‘The  density  of  steel  may  be  taken  as  0.28  lb.  per  cu.  in.;  hence 

the  weight  of  the  crankpin  is 

jYcp  =   8.93  X   0.28  =   2.5  lb. 

Since  the  crankpin  is  symmetrical  about  the  crankpin  center  line, 

the  distance  from  the  axis  of  rotation  to  the  center  of  gravity  is 

2.5  in. 

From  Eq.  (5-1)  the  centrifugal  force  on  the  crankpin  is 

=   0.0000284  X   2.5  X   2,0002  X   2.5  =   710  lb. 

Calculation  for  weight  and  center  of  gravity  of  chamfered  and 

rounded  crank  arms  may  be  made  by  determining  the  weight  and 

center  of  gravity  of  each  geometric  part. 

A   suggested  procedure  is  to  determine  the  weight  or  volume  of 

the  outer  end  of  the  crank  arms  beyond  the  crankpin  center  line 

and  then  take  enough  of  the  crank  arms  below  the  crankpin 

center  line  to  place  the  center  of  gravity  of  the  combined  weights 

or  volumes  on  the  crankpin  center  line.  The  lower  ends  of  the 

crank  arms  may  be  handled  similarly  with  reference  to  the  center 

line  of  main  bearings,  and  then  the  mid-portion  of  the  crank  arms, 

which  are  usually  more  uniform  in  section,  may  be  handled  in  the 

usual  way. 

Figure  7-21  is  an  enlarged  detail  sketch  of  the  end  of  one  of  the 

crank  .arms  of  Fig.  7-20.  In  this  detailed  sketch,  the  various 

geometric  shapes  are  designated  by  letters.  For  the  parts  above 

the  crankpin  center  line,  the  following  table  can  be  used : 

Name  of  part Volume  of  part 
Distance  from 

to  C.  G.  of 

part 
Half  cylinder   

Ungula  of  a   right  circular  cylinder. 

Ungula  of  a   right  circular  cylinder. 

To  =   I   R^r 
Vc'  ==  -   S^K  =   -   ~ 
yc  s   3   R 

Xr 

Xr' 

Stt 

SttR 16 

SttS 
16 
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Heuce  for  part  ̂ 4 

ttRHJ  ttS^L 
R^Y 

2   J -   - 
Z   R ) 

and  since 

VX  =   S(t)X) 
= 

-ttRW  4R  ttS^U  4S 

2   ̂    Stt  2   ̂   3-r 

-(i 

3   it  i   X   jg 

ttR^U  ttS^U 

or 

2R^U 

2 

2S^U 

Xa  = (i  - 1   s-  i") (ttRW  irS^Y\ V   8   SR  / 

irR^U  ttS^-U §^•("=-5) 2   2 

Below  the  center  line,  the  volume  F z>  is 

Vz>  =   vus  - 

and  the  distance  from  the  <L  to  the  center  of  gravity  is 

VUS^  2S^U 
_   O   Q 

- 

VUS  - 

If  we  allow  the  remaining  volume  Fi?  to  be  such  that 

Fi^Xi.  =   F^X^  -   Fi>X^ 

the  center  of  gravity  of  V a   V 4-  Vf  will  fall  on  the  center 

line  of  the  craiikpin. 

Using  values  from  Fig.  7-20,  the  volume  above  the  center  of 

gravity  of  the  crankpin  is 

F^ 

Va 

TT  X   1.75“  X   1.25  ^   X   0.5625“  X   1.25 
2 2   X 

3.93  cu.  ill- 

:   0.75  0.5625'*\ 3   v-^'^  “   1.75  ; 
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1.^39 

Xz)  —   0.296  in. 

To  place  the  center  of  gravity  of  the  combined  volumea  on  the 

center  line  of  the  crankpin, 

VfXf  =   3.93  X   0.7  —   (1.839  X   0.296)  ==  2.207 

From  the  detailed  figure, 

Vp  =   VUZ  =   3.5  X   1.25  X   ̂   =   4.375Z  cu.  in. 
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and 
Xp 

hence 

or 

Therefore, 

and 

This  still  leaves  2.5  ̂    (S  +   Z)  ̂    2.5  —   (0.5625  +.0.6)  =   1,33 

in.  of  the  crank  arm  and  the  part  on  the  opposite  side  of  the  axis 

of  rotation  to  be  considered,  but  before  calculating  the  effect  of 

these  parts,  the  centrifugal  force 

on  the  upper  part  of  the  crank 

arms  will  be  determined. 

The  weight  of  the  several  vol- 

umes found  above  is  (for  both 

crank  arms) 

WcA  =   2(Va  +   Vj>+  Vp)d 
=   2(3.93  +   1.839  +   2.63)0.28 

=   4.7  lb. 

and  the  distance  to  the  center  of  gravity  from  the  axis  of  rotation 

is  equal  to  crank  radius,  2.5  in.  Hence,  the  centrifugal  force 

on  the  upper  end  of  the  crank  arms  is 

Fca  =   0.0000284  X   4.7  X   2,M0-  X   2.5  -   1,335  lb. 

The  remainder  of  the  crank  arms,  ^,c.,  the  parts  extending 

from  the  center  of  rotation  out  a   distance  of  1.33  in.  may  be 

handled  in  much  the  same  way  as  for  other  parts,  but  inasmuch 

as  it  will  be  necessary  to  extend  the  arms  on  the  other  side  of  the 

axis  of  rotation  far  enough  to  reach  the  counterweights,  it  is 

probable  that  most  of  the  remaining  pai*t  of  the  crank  arms  will 
be  balanced.  In  fact,  it  is  a   convenient  preliminary  assumption 

(for  the  example  being  considered  here)  to  let  the  point  of  attach- 

Fig.  7-21. — Enlarged  detailed  ar- 
rangement of  the  outer  end  of  the 

crank  arms  in  Fig.  7-20. 

=   S   ̂   =   0.5625  +   ̂ 

4.375.Z  ̂0.5625  +   ̂ J   =   2.207 

Z   =   0.6  in. 

Vp  =   4.375  X   0.6  =   2.63  cu.  in. 

Xp  ==  0.83  in. 
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merit  for  the  counterweights  be  1.33  +   J   in*  from  the  axis  of 

rotation.  This  eliminates  the  inner  1.33  in.  of  the  arms  from  the 

unbalance  calculations,  and  the  total  force  to  be  balanced  is 

Fpr  +   Fen  +   Fcp  +   Fca  =   2,840  +   3,408  4-  710  +   1,335 
=   8,293  lb. 

The  detailed  shapes  of  counterweights  to  balance  this  force  are 

largely  a   matter  of  individual  preference;  it  should  be  kept  in 

mind,  of  course,  that  minimum  weight  and  adequate  clearance 

are  important  items.  Hence,  for  the  purpose  of  the  example, 

assume  that  counterweight  shapes  like  Fig.  7-19  (JB)  are  to  be 
used.  Further,  assume  that  they  are  to  be  attached  a   distance 

(/)  beyond  the  balanced  portion  of  the  crank  arms  of  2   in.  The 

balancing  effect  of  these  2   in.  of  extended  crank  arms  is  found  as 
follows: 

The  volume  for  both  arms  is 

Vex  —   3.5  X   1.25  X   2   X   2   —   17.5  cu.  in. 

The  weight  of  the  extended  crank  arms  is 

Wex  =   17.5  X   0.28.  =   4.9  lb. 

The  distance  from  the  axis  of  rotation  to  the  center  of  gravity  is 

Xex  “   1.33  — b   1   =   2.33  in. 

and  the  centrifugal  force  is 

Fbx  =   0.0000284  X   4.9  X   2,000^  X   2.33  =   1,295  lb. 

Hence  the  net  force  to  be  balanced  by  counterweights  is 

Fx  -   8,293  -   1,295  =   6,998  lb. 

Referring  to  Fig.  7-19  (J5),  let  «   =   40  deg.,  M   =   3.5/2  =   1.75  in., 
and  R   =   5.5  in.  Then 

F   =   R{1  -   cos  a:)-=  5.5(1  -   0.766)  =   1.29  in. 

L   =   \/F{2R  —   F)  =   Vl.29(2  X   5.5  —   1.29)  =   3.54  in. 
N   =   1.33  +   2   =   3.33  in. 

H   =   i?  -   (F  +   JV)  =   5.5  -   (1.29  +   3.33)  =   0.88  in. 

The  area  of  the  trapezoidal  part  of  the  counterweight  is  [from 
the  data  of  Fig.  7-19  (S)] 
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Aq  =   (M  -h  L)H  =   (1.75  +   3.54)0.88  =   4.65  sq.  in. 

The  area  of  the  circular  segment  is 

.4^  =   RK0m7A5c^  0.5  sin  2oi) 

=   5.5‘''(0.01745  X   40  -   0.5  sin  SO)  =   6.24  sq.  in. 

The  total  area  is 

Aq  +   As  ==  4.65  +   6.24  =   10,89  sq.  in. 

The  radial  distance  to  the  center  of  gravity  of  the  trapezoid  is 

HCM  +   2L)  _   3   33  0,88(1.75  H-  2   X   3.54) 

—   3.82  in. 

The  radial  distance  to  the  center  of  gravity  of  the  circular  segment 
is 

p   __  ^   sin^  QL 
“   0.02617a  -   0.75  sin  2a. 

5.5  X   0.6428^  =   4   * 
0.02617  X   40  -   0.75  X   0.9848 

The  radial  distance  to  the  center  of  gravity  of  the  combined  area 
is 

Ro  ~
 

AqRoq  T-  AsRgS 

Aq  4“  -4>s 

4.65  X   3.82  +   6.24  X   4.72 

4.65  +   6.24 
4.345  in. 

The  thickness  of  the  counterweights  may  now  be  found  as 

follows: 

Let 

Feu.  =   6,998  lb.  (=  Fa) 

Then,  the  necessary  weight  of  the  counterweights  is 

TT7- 

Fcia  _   6,998 

6.00002S4:NHiG  ~   0.0000284  X   2,000-  X   4.345 

14.17  lb. 

Since  this  weight  is  divided  equally  between  the  two  crank  arms, 

for  a   density  of  the  steel  of  0.28  lb.  per  cu.  in.,  the  thickness  of 

each  counterweight  is 

T   = 

Wru, 

2(.‘1q  4“  T^)d 

14.17 

2   X   10.89  X   0.28 
2.32  in. 
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For  this  thickness  of  counterweights,  from  Fig.  7-20,  it  is  seen 

that  the  space  between  the  weights  for  passage  of  the  connecting 
rods  is 

(2  X   1.25  +   3)  -   (2  X   2.32)  =   0.86  in. 

This  space  probably  would  be  inadequate  for  the  size  of  con- 

necting rods  needed-  The  space  could  be  increased  (a)  by  shift- 

ing the  counterweights  to  overhang  the  outside  edges  of  the  crank 

arms,  (b)  by  increasing  the  radial  distance  to  the  center  of  gravity 

of  the  •   counter  weights  Rg^  or  (o)  by  using  a   counterweight  metal 

of  greater  density.  Shifting  of  the  counterweights  is  objection- 

able because  the  main  bearing  supports  will  have  to  be  moved 

out  of  line  of  the  main  bearings,  and  this  will  complicate  the 

crankcase,  although  a   slight  shift  sufficient  for  a   small  increase  in 

space  between  the  counterweights  might  be  made  without  diffi- 

culty. Increase  in  Rg  will  require  a   larger  diameter  and  hence 

an  increased  weight  of  crankcase.  Increase  in  the  density  may 

be  attained  by  using  bronze  (d  =   0.32  lb.  per  cu.  in.).  Thus  for 
bronze  counterweights, 

^   ""  2   X   10.89  X   0.32  "" 

and  the  space  for  passage  of  the  connecting  rods  is 

(2  X   1.25  +   3)  ~   (2  X   2.03)  =   1.44  in. 

As  the  width  of  the  connecting  rods  for  this  size  of  engine  would 

probably  not  exceed  1   or  at  most  fhiis  space  should  be 

adequate  and  the  dimensions  of  the  counterweights  as  determined 

above  and  shown  in  Fig.  7-20  should  be  satisfactory. 

Suggested  Design  Procedure 

Important.  Include  sample  calculations  of  all  items  (as  applies).  Make 

layouts  to  a   large  enough  scale  to  permit  accuracy  of  measurements. 

1.  For  the  engine  being  designed,  check  arrangement  of  crank  arras  and 

rearrange  if  necessary  to  attain  most  suitable  conditions  for  balance. 

2.  Determine  necessary  data  and,  for  one  cylinder  through  360  deg.  of 

crank  travel,  plot  curves  of 

а.  Primary  reciprocating  inertia  force. 

б.  Secondary  reciprocating  inertia  force. 

3.  Determine  the  centrifugal  force  that  would  have  to  be  applied  at  the 

crankshaft  to  balance  one-half  of  the  maximum  primary  reciprocating  inertia 
force  in  one  cylinder. 
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4.  Determine  the  centrifugal  force  on  the  craiikpin  due  to  unbalanced 

rotating  weight. 

5.  By  using  the  crankpin  and  main  bearing  dimensions  determined  in 

Suggested  Design  Procedure,  page  S6,  data  from  Tables  Al-S  and  Al-9 

(as  apply),  and  data  from  available  blueprints,  etc.,  lay  out  the  crankshaft 

(except  the  end  portions)  and  determine  the  detail  dimensions  of  the  crank 
arms. 

Make  this  crankshaft  layout  to  scale,  and  leave  sufficient  room  on  the 

drawing  for  both  an  end  view  and  a   longitudinal  view.  Also  leave  room  for 

later  addition  to  the  drawing  of  the  shaft-end  details,  i.e.,  propeller  hub  and 

auxiliary-drive  connections. 

Note:  If  the  engine  being  designed  is  an  in-line  or  V   type,  use  the  la3’out 
of  Suggested  Design  Procedure,  page  86  item  4   as  a   basis  for  the  detail 

dimensioning. 

6.  Determine  the  centrifugal  force  on  the  crankshaft  due  to  the  unbal- 

anced weight  of  the  crank. 

7.  If  more  than  one  connecting  rod  is  attached  to  each  crankpin,  deter- 

mine the  total  centrifugal  force  that  would  have  to  Be  applied  to  the  crank- 

shaft to  balance  the  part  of  the  unbalanced  portion  of  the  reciprocating 

weight  that  it  is  feasible  to  balance. 

8.  Determine  the  total  centrifugal  force  due  to  item  3   or  7   (as  applies), 

item  4,  and  item  6. 

9.  Determine  the  dimensions  of  counterweights  necessary-  to  promde  for 
item  8. 

10.  Lay  out  the  counterweights  (item  9   on  the  drawing  of  item  5). 

Do  not  blueprint  the  crankshaft  layout  at  this  stage. 

11.  When  items  1   to  10  have  been  completed  and  put  in  proper  form,  sub- 

mit for  checking  and  approval. 
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CHAPTER  8 

CRANKSHAFT  DETAILS  AND  REDUCTION  GEARING 

8-1.  Crankshaft  Details. — The  principal  dimensions  of  the 

crankshaft  having  been  determined,  it  is  now  possible  to  complete 

the  details  of  parts.  In  doing  this,  it  is  important  to  give  proper 
attention  to  the  following  points. 

1.  Provide  adequate  fillets  for  all  reentrant  corners.  Such 

corners  are  points  of  high  stress  concentration  and  are  apt  to  be 

critical  if  sharp.  Large  radius  fillets®  aid  greatly  in  reducing  this 
stress  concentration. 

2.  Check  the  arrangement  of  parts  for  possible  manufacturing 

difficulties.  See  if  forging  of  the  shaft  can  be  simplified  by  some 

improvement  in  detail.  Aircraft-engine  crankshafts  are  usually 

machined  all  over.  Check  your  details  of  design  for  any  unneces- 

sarily difficult  or  complicated  machining  operations.  Skilled 

labor  is  expensive. 

3.  All  main  and  connecting-rod  bearings  should  be  provided 

with  pressure-feed  lubrication.  When  plain  bearings  are  used, 

as  in  in-line  and  V-engines,  oil  is  usually  supplied  to  the  main 

bearings  through  passageways  in  the  main-bearing  .supports. 

Drilled  passageways  in  the  shaft  then  lead  some  of  this  oil  to 

the  crankpins.  In  arranging  these  passageways,  cai-e  should  be 

exercised  to  avoid  an  excessive  number  of  sharp  turns  as  those 

turns  increase  the  resistance  to  circulation  of  the  oil.  Avoid  too 

small  a   size  of  passageway  as  the  chances  of  solid  particles 

obstructing  the  flow  will  be  increased.  Excessively  large  passage- 

ways may  impair  the  strength  or  rigidity  of  the  crank  arms, 

especially  if  they  pass  close  to  highly  stressed  reentrant  corners. 

Arrangement  of  oil  passageways  are  shown  in  Figs.  5-11,  5-12, 

5-13,  and  6-6.  Other  arrangements  may  be  studied  from  avail- 

able blueprints  and  drawings. 

Accessory  drives  such  as  magnetos,  oil  pumps,  gun  synchro- 

nizers, and  superchargers  are  usually  (.Iriveu  from  the  roar  end 

of  the  crankshaft.  The  main  accessory  drive  shaft  for  these  parts 
145 
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is  usually  splined  to  the  crankshaft,  and  the  individual  accessories 

are  driven  from  this  shaft  through  suitable  gearing.  Consider- 

able leeway  is  available  to  the  designer  in  arranging  such  drives, 

but  for  inexperienced  designers,  it  is  advisable  to  adhere  rather 

closely  to  proven  arrangements.  Sectional  cuts  of  current 

successful  engines  are  of  assistance  in  this  respect,  and  examples  of 

proven  construction  as  shown  on  available  blueprints  and  draw- 

ings should  be  studied. 

Aircraft  propeller  shaft  ends  have  been  standardized  by  the 

S.A.E.  Both  taper  and  spline-type  shaft  ends  are  used,  the  latter 

being  more  common  in  large  sizes  of  engines.  Figure  Al-6  and 

Tables  Al-19  and  A 1-20  may  be  used  for  selecting  the  proper 

sizes  and  laying  out  the  propeller  end  of  the  crankshaft.  In 

general,  the  S.A.E.  shaft  number  to  select  is  that  which  has  a 

maximum  diameter  nearest  under  the  diameter  of  the  crankshaft. 

8-2.  Reduction  Gearing. — The  brake  horsepower  that  an 

engine  can  develop  is  a   function  of  the  speed,  but  in  the  case  of 

aircraft  engines,  the  rate  of  rotation  is  limited  by  the  propeller 

efficiency  so  that  it  is  usually  inadvisable  to  operate  direct-drive 

engines  above  2,200  to  2,500  r.p.m.  In  many  instances,  the 

inherent  tendency  for  the  propeller  efficiency  to  drop  at  high 

speeds  can  be  offset  by  suitable  reduction  gearing. 

Wood  has  shown ^   that  for  best  performance  the  diameter  of  a 

two-bladed  propeller  necessary  to  absorb  the  sea-level  rated 

power  of  an  engine  is 

D 
303 

'\/np~im 

-   X 

4 
b.hp. 

m.p.h. 
(8-1) 

where  D   =   diameter  of  the  propeller,  ft. 

r.p.m.  =   rated  speed  of  the  engine, 

b.hp.  =   rated  power  of  the  engine, 

m.p.h.  =   maximum  speed  of  the  plane  in  level  flight. 

With  these  data  known,  the  corresponding  propeller  efficiency  can 

be  readily  determined  from  Fig.  8-1.  The  effect  of  using  reduc- 

tion gearing  in  the  engine  may  be  demonstrated  as  follows: 

Let  R   ~   the  reduction  gear  ratio  and  =   the  mechanical 

efficiency  of  the  reduction  gear.  Then 

E   =   LEiBld, r.p.m. 2 
b.hp.i 
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where  subsci'ipt  1   refers  to  the  crankshaft  and  subscript  2   refers 

to  the  propeller  shaft,  and  for  the  same  air  speed 

=   303  ^   ̂/b.hp.i  X   en.
 

-x/r.p.m.i/i^  V   m.p.h. 

or 

Do  = 

The  corresponding  change  in  effective  propeller  pitch  will  be 

(for  Vi  -   F2) 

(8-2) 

(8-3) 

or 

V2/Rn2{D^/VR  A/ 

F2  _   Fi  ,   2 
'^2D2  ^   Sm 

(8-4) 

With  the  new  value  of  effective  pitch  known,  the  gain  in  pro- 

peller efficiency  may  be  readily  found  from  Fig.  8-1. 

Fig.  S-1. — Maximum  efficiency  of  wood  and  metal  propellers  as  a   function  of 

design  V/nD.  {From  Wood,  Technical  A^erodynamics.") 

Example, — An  airplane  attains  140  m.p.h.  with  an  engine  of  300  b.hp. 
operating  at  2,700  r.p.m.  (a)  find  the  propeller  diameter  and  maximum  pro- 

peller efficiency.  {h)  What  gain  in  propeller  efficiency  could  be  had  if  the 

engine  was  equipped  with  a   3 : 2   reduction  gear  having  a   mechanical  efficiency 
of  90  per  cent? 
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Solution. — From  Eq.  (8-1), 

and 

303 

'300 

\140 

=   7.05  ft.  (Ans.  a) 

niDi 
88  X   140 

2,700  X   7.05 

=   0.649 

From  Fig.  8-1  (for  metal  propellers), 

From  Eq.  (8-4), 

m   =   80% 

=   0.649  0.815 

From  Fig.  8-1, 

84%,  and  84  —   80  4%  (A ns.  6) 

Since  for  the  same  velocity,  the  thrust  horsepoy^er  required 

will  be  the  same,  the  b.hp.  actually  needed  with  the  geared 

engine  will  be 

b.hp.2  =   X   300  =   286 

If  the  engine  were  slowed  down  enough  to  attain  this  gain 

in  efficiency  by  direct  drive,  i.e.,  maintain  V/nD  =   0.815,  the 

power  that  it  could  develop  would 

be  approximately  ,   represented  by 

the  expression 

r.p.m. 

no 

100 

Potfed  potver  speedy 

*   cc 

^   80 

CL  60
 j:: 

CD  50 
40 

30. 

^0.7S 

Fig. 

throttle 

speed. 

^   A-  High  speed  eng/he   | 
B- Low  speed  engine ^ ^   I   IT   L   i   I 

50  60  70  80  90  100  110 

R.p.m.,  7o  R.p.m. p 

8-2. — Variation  of  full- 
brake  horsepower  with 

b.hp.  =   b.hp.jj  X 

where  the  subscript 

rated  conditions  and 

dP 
dN (8-5) 

R   represents 

=   the  slope  of  the  full  throttle 

curve  (Fig.  8-2). 

The  value  dP/dN  is  determined 

in  part  by  many  engine  design 

factors,  but  the  ratio  of  rated  to  maximum  possible  b.hp.  is  a 

major  factor.  The  tendency  for  volumetric  efficiency  to  drop  at 

higher  speeds  is  also  a   contributing  factor  to  lower  values  of 

dP/dN. 
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For  the  example,  dP/dN  will  probably  not  exceed  0.9;  hence 

b.hp.  -   300  X   H-  0.9  =   222 

But  maintenance  of  the  original  air  speed  requires  286  b.hp. 

This  may  be  attained  either  by  increasing  the  amount  of  super- 

charging, which  will  require  a   higher  octane  fuel,  or  by  increasing 

the  displacement  of  the  engine. 

If  the  increase  in  power  from  222  to  286  b.hp.  is  attained  by 

supercharging,  the  b.m.e.p.  will  have  to  be  increased  in  direct 

proportion  to  the  brake  horsepower.  If  we  assume  that  the 

222  hp.  is  developed  on  a   73  octane  number  fuel,  the  b.m.e.p. 

for  average  conditions  (Fig.  1-10)  will  be  about  114  lb.  per  sq.  in. 

To  attain  286  b.hp.,  the  b.m.e.p.  will  have  to  be  about 

114  X   28^^22  =   lb.  per  sq.  in. 

To  attain  this  m.e.p.,  the  engine  would  have  to  be  supercharged. 

From  Fig.  1-10,  it  is  seen  that  the  fuel  would  have  to  have  an 

octane  number  of  upwards  of  100.  Such  fuels  are  commercially 

available  but  rather  expensive. 

If  the  increase  in  power  is  attained  by  increasing  the  displace- 

ment, the  weight  will. also  be  increased  (Fig.  1-3)  by  upwards  of 

(1.85  X   286)  -   (1.95  X   222) 
1.95  X   222 X   100  =   22  per  cent,  and  this  is  more 

than  the  increase  due  to  adding  reduction  gearing. 

To  keep  the  bulk  and  weight  of  the  engine  as  low  as  possible, 

it  is  essential  that  the  reduction  gearing  be  compact  and  of  a 

material  that  will  withstand  extremely  high  allowable  stresses. 

This  calls  for  high  grades  of  alloy  steel,  careful  design,  and  preci- 

sion workmanship  in  manufacture.  Hence  the  advantages  of  a 

geared  drive  are  partly  offset  by  greater  cost  and  complexity. 

The  power  output  for  which  the  engine  is  being  designed  is  an 

important  factor  in  the  decision  of  whether  or  not  reduction 

gearing  shall  be  used.  Very  high  power  requirements  usually 

dictate  the  use  of  reduction  gearing,  whereas  small  and  medium- 

powered  engines  are  usually  direct  drive.  However,  the  con- 

tinually increasing  demand  for  small  and  medium-powered 

engines  of  lower  specific  Aveight  (Fig.  1-3)  may  ultimately  result 

in  a   greater  use  of  geared  drives  in  these  sizes  of  power  plants. 
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There  are  a   large  number  of  possible  arrangements  for  reduction 

gearing,  but  experience  has  narrowed  the  field  to  three  main  types 

(Figs.  8-3  to  8-7). 

The  single  reduction  gear  has  the  advantage  of  simplicity  and 

somewhat  lower  cost,  but  it  places  the  thrust  line  to  one  side 

of  the  axis  of  symmetry  of  the  engine,  and  this  may  produce 

!Fig,  8-3. — Single  reduction  gear  used  on  geared  models  of  ranger  inverted  V-12 
engine.  Gears  are  of  the  herringbone  type. 

complex  stresses  in  the  crankcase.  However,  when  the  propeller 

axis  is  placed  above  the  crankshaft  axis  (as  is  usually  the  case 

with  single-reduction  gearing),  the  visibility  forward  in  a   single- 

engine tractor-type  plane  can  be  improved. 

The  planetary  reduction  type  of  gearing  permits  keeping  the 

propeller  and  crankshaft  axes  concentric,  and  thereby  reduces  the 

complex  and  more  or  less  indeterminate  stresses  in  the  nose  of 

the  crankcase.  This  gain  is  at  the  expense  of  some  increase  ihcom- 

plexity  of  the  gearing.  A   particular  advantage  of  planetary 

reduction  gearing  in  high-powered  engines  is  the  ability  to  use 
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more  tkan  one  planetary  gear-  This  permits  dividing  the  load 
into  several  parts  and  reducing  the  strain  on  the  gear  teeth. 
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are  usually  made  of  heat-treated  and  hardened  alloy  steels. 
Casehardened  S.A.E.  2515  steel  is  ijfeed  in  reduction  gears  of 

Pratt  and  Whitnej^  engines,  and  S.A.E.  4140  or  Nitralloy  (Table 

8-1)  is  recommended  by  the  Climax  Molybdenum  Company. 

Tab'le  8-1. — NiTRALLOr  Steels  Sttit-able  for  Reduction  Gear.s* 

Steel  No.  O   Si  Mn  Cr  A1  Mo 

0 . 50-0 . 55|0 . 25-0 . 35|0 . 40-0 . 50  2 . 00-2 . 20|0 . 30-0 . 40  0 . 20-0 . 35 
0 . 40-0. 45i0 . 20-0 . 30|0 . 40-0 . 50  1 . 70-1 . 90,0 . 30-0. 40  0 . 20-0 . 35 
0 . 25-0 . 30|0 . 20-0 . 300 . 40-0 . 50  1 . 70-1 . 90  0 . 30-0 . 40  0 . 20-0 . 35 

^   From  The  Moly  Matrix,  Vol.  S,  No.  8,  July,  1936. 

Allowable  static  stresses  of  20,000  to  30,000  lb.  per  sq.  in.  or 

more  may  be  used  depending  upon  the  nature  and  heat-treatment 

Fra.  S-G. — Arrangement  of  the  Fright  Cyclone  2   to  1   ratio  bovei-type  planetary reduction  gear. 

(A)  Propeller  shaft;  (S)  thrust-bearing  assembly;  (C)  nose  of  wanKoaso; 

(£>)  fixed  gear  attached  to  cranlccase;  (JS')  pinion-g«En  ;   arm  splined  to 
propeller  shaft;  {F)  drive  gear  splined  to  crankshaft;  th 

ing;  {H)  pinion  gear;  {J)  pinion-gear  thrust  bearing;  t. 

of  the  steel,  and  upon  the  accuracy  of 
teeth.  Pratt  and 

static  stress  of  22, 
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reeommends^'^  the  use  of  data  in  Tables  8-2  and  S-3  for  deter- 

mining the  allowable  statid  stress  to  be  used. 

Allowable  stresses  decrease  with  increase  in  pitch-line  veloeity. 

This  necessary  decrease  is  partly  due  to  the  increase  in  the  elfect 

Fig.  S-7. — Arrangement  of  bevel  type  1.5S  to  1   planetary  reduction  gear  from  a 
Wright  Cyclone. 

of  shock  loads  and  inertia  of  parts  at  the  higher  speeds.  How- 

ever, a   purely  rational  expression  for  variation  ol  allowable  stress 

with  pitch-line  velocity  would  be  very  difficult  to  obtain  due  to 

Table  8-2. — Factors  of  Safety  for  Gear  Teeth 

For  steady  load  on  a   single  pair  of  gears     3 

For  suddenly  applied  loads  on  single' pairs  of  gears     4 

For  steady  loads  on  gears  of  a   train  beyond  the  first  mesh.  .   5 

For  suddenly  applied  loads  on  gears  of  a   train  ])eyond  the 

first  mesh   
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Table  S-3. — Ultimate  Strength  of  Gear  Materials 
Ultimate  Strength, 

Material  Lb.  per  Sq.  In. 

Cast  iron     24 , 000 

Semisteel.     36,000 

Bronze     36,000 

Cast  steel  (S.A.E.  1235)     45,000 

Forged  steel  (S.A.E.  1030)     60,000 

Forged  steel  (S.A.E.  1045)     90,000 

Forged  steel  (S.A.E.  3245)         120,000 

the  uncertainty  of  the  numerous  variables  involved.  Hence, 

empirical  expressions  are  used,  the  most  applicable  to  aircraft 

engines  probably  being  the  following: 

For  accurately  cut  gears,  Buckingham  suggests 

«   -   G,2^’f  ”   f) 
and  for  pitch-line  velocities  above  4,000  f.p.m.,  the  AGMA 

recommends  the  use  of  Eq.  (8-7)  for  determining  the  allowable 

stresses  ’   
* 

where  S   =   allowable  stress  at  velocity  F,  lb.  per  sq.  in. 

^0  =   allowable  static  stress,  lb.  per  sq.  in. 

V   =   pitch-line  velocit3q  f.p.m. 

irDn 

~T^ 

(8-8) 

where  V   is  as  in  Eqs.  (8-6)  and  (8-7). 

D   =   pitch  diameter,  in. 

n   =   speed  of  the  gear,  r.p.m. 

The  maximum  safe  tangential"  load  that  can  be  transmitted 
by  the  gear  tooth  (or  the  actual  transmitted  load  at  the  pitch 

iiameter)  msiy  be  expressed  as 

Pd  Pd 
(8-9) 
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where  W 
S 

h 

Y'
 

Y 
Pa 

allowable  or  transmitted  load  at  the  pitch  line,  lb. 

allowable  or  transmitted  unit  stress  at  velocity'  T", 
Ib.  per  sq.  in. 
face  width  of  the  gear  tooth,  in. 

Lewis  outline  factor  (Table  8-4). 

Buckingham  strength  form  factor  (Table  S-4) 
(F'  =   ̂ F). 

diametral  pitch. 

Table  8-4. — Gear-tooth  Factors^* ^ 

Number 

of 
teeth 

Lewis  outline  factor  —   Y' Buckingham  strength  form  factor  ~   Y 

141/g  deg. 
involute  and 

cycloidal 

20  deg. 

full-depth 

involute 

IA}2  deg. 

involute 

composite 

20  deg. 

full-depth 

involute 

20  deg. 

stub 
invokite 

12 0. 210 
0.245 0. 067 0. 078 

0.099 

13 
0. 

220 0.261 0. 071 0. 083 
0.103 

14 
0. 226 0.276 

0. 
075 

0. 
OSS O.IOS 

15 0. 236 
0.289 

0. 
078 0. 

092 0.111 
16 

0. 
242 0.295 0. OSl 0. 

094 
0.115 

17 0. 251 0.302 0. 084 0. .096 0.117 
18 0. 261 0.308 

0. 
086 0. 

098 0.120 
19 

0, 
273 

0.314 
0. 

088 0. 100 0.123 

20 
0, ,283 0.320 0. 090 0. .102 0.125 

21 0, 
.289 0.327 0. 092 

0. 

104 0.  127 

23 0 .295 0.333 0. 094 0. .   106 0.130 

25 0 

.305  * 

0.339 

0. 
097 0 .108 0 . 133 

27 0 .314 0.349 
0. 

,099 0 .111 0.136 

30 0 .320 0.358 0. ,101 0 .114 
0.139 

34 0 .327 0.371 
0. 

,   104 
0 .118 

0:142 

38 0 .336 0.383 0 .   106 0 .   122 0.145 43 
0 .346 0.396 0 

.   108  ■ 

0 .   126 0.147 
50 0 .352 0.408 

0 
.   110  : 

0 .   130 
0.151 

60 0 .358 0.421 0 

.   113  ! 

0 .   134 0.154 
75 0 .364 0.434 0 .115 0 .   138 0.158 

100 0 .371 0.446 0 .   117 0 .   142 0.161 
150 0 .377 0.459 0 

.   119 
0 

.   146 
0.165 

300 0 .   383 0.471 0 122 0 .   150 0. 170 

Rack 0 .   390 0.484 0 .   124 0 
.   154 0.175 
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However,  the  actual  dynamic  load  on  the  gear  tooth  will  be 

greater  than  W   by  the  amount  of  an  increment  or  impact  load 

that  results  from  acceleration  and  deceleration  of  the  gear  due  to 

inaccuracy  in  the  tooth  profiles  and  tooth  spacing.  The  AGMA 

Table  S-o. — Values  of  the  Buckingham  Dynamic  Tooth  Load 
Constant,  C 

Error  in  tooth  action  = 

e   in  inches 
Material  Tooth  form 

0 . 0005|0 . 001  i   0 . 002|0 . 003 

Gray  iron  and  gray iron , .   . 
1432'deg.  involute 

400 
800  1,600|2,400 

Gray  iron  and  gray iron . .   . 
20~deg.  -full-depth 

1 
1 

involute 415 
830 1,660|2,490 

Gray  iron  and  gray iron . .   . 
20-deg.  stub  invo- 
lute 

430 

860 

1,720 
2,580 

Gray  iron  and  steel 143-^-deg.  involute 
550 

1,100 2,200 3,300 Gray  iron  and  steel 20-deg.  full- depth 
involute 

570 

1,140 2,280 3,420 Gray  iron  and  steel 20-deg.  stub  invo- lute 590 

1,180  2,3601 

|3,540 

Steel  and  steel   
143^-deg.  involute 

800 
1,600  3,200 

14,800 
Steel  and  steel   20-deg.  full-depth 

involute 830 
l,660i3,320| o 

00 

Steel  and  steel   
20“deg-  stub  invo- 

1 

lute 
860 1,720  3, 440 1 

5,160 

recommends  the  use  of  Eq.  (8-10)  for  determining  the  dynamic 
tooth  load. 

Wd 

0,05V  +   VbC  +   W 
+   W 

(8-10) 

where  Wd  =   dynamic  tooth  load,  lb. 

V   =   pitch-line  velocity,*  f.p.m. 
b   =   face  width  of  the  gear,  in. 

C   =   constant  which  depends  on  the  material,  tooth  form, 
and  accuracy  of  construction  of  the  gear. 

W   is  obtained  from  Eq.  (8-9). 

Values  of  C   as  determined  bv  Buckingham  are  given  in  Table 
8-5. 

*   For  planetary  (epicyclic)  g;e.ar  trains,  the  velocity  of  actual  tooth 

engagement  (Table  A3~6)  must  be  used  to  determine  the  dynamic  loadings.'^ 
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To  ensure  against  tooth  breakage,  the  dynamic  load  should  not 

produce  a   stress  in  the  material  greater  than  the  flexural  endur- 

ance limit  St  of  the  material.  The  stress  produced  may  be 

checked  by  substituting  Wd  in  Eq.  (8-9)  and  solving  for  the 

dynamic  tooth  load  stress  Bd-  The  value  thus  found  should  not 

exceed  the  value  of  St  (Eig.  8-8)  corresponding  to  the  Brinell 

hardness  number  of  the  gear  mate- 

rial.* As  an  added  precaution, 
Buckingham  suggests 

For  steady  loads,  St  ̂    1.25/S^. 

For  pulsating  loads,  St  ̂    1.35^d. 

For  shock  loads,  St  ̂    1.50/Sd. 

Reduction  gear  teeth  may  be 

strong  enough  to  transmit  the 

desired  horsepower  and  withstand 

the  dynamic  loading  and  yet  be 

unable  to  resist  rapid  wear.  This 

wear  which  is  usually  evidenced  by 

a   pitting  of  the  tooth  surfaces  is 

generally  conceded  to  be  due  to 

compressive  fatigue  stresses.  An 

expression  for  equivalent  static  tooth  load  beyond  which  failure 

from  pitting  is  likely  to  occur  has  been  developed  by  Bucking- 

ham and  adopted  by  the  AGMA  as  follows; 

=   DhKZ  (8-11) 

Fig.  S-S. — 'Relation  between 
Brinell  hardness  number  and 

flexural  endurance-limit  stress 

for  steel.  {Data  from  Bucking- 
ham, '"Manual  of  Gear  DcsignU) 

where  Ww 

B 

h 
Z N, 

No 

K 

=   equivalent  static  tooth  load  be^mnd  which  pitting 

(wear)  is  likely  to  occur,  lb. 

==  pitch  diameter  of  the  pinion  or  smaller  gear,  in. 

=   face  width  of  the  gears,  in. 

=   ratio  factor  =   2NG/iNp  +   Nq)  for  spur  gears  and 

2Ng/{Ng  —   Np)  for  internal  gears. 
=   number  of  teeth  in  the  pinion. 

=   number  of  teeth  in  the  gear. 

=   stress  factor  involving  the  maximum  fatigue-limit 

compressive  stress,  the  pressure  angle  of  the  gear 

teeth,  and  the  moduli  of  elasticity  of  the  material 

of  the  gears.  ̂  

*   See  Fig.  A2-1  for  estimating  the  Brinell  hardness  number  of  the  gear 

steel  being  used 



158 AIRCRAFT  ENGINE  DESIGN 

Values  of  K   have  been  determined  by  Buckingham  and  are 

given  in  Fig.  8-9  and  Table  8-6.  Since  the  allowable  static  load 

Wu,  varies  directly  with  -K,  it  is  readily  apparent  (Fig.  8-9) 
why  casehardened  or  Nitralloy  steels  are  highly  desirable  in 

reduction  gearing.  To  avoid  pitting,  Wd  should  not  exceed  W^o, 

and  for  safety,  Wa  ̂    0.75TF„. 

Hctrdenedl  ^ 

stress  factor.  Repetitions  of  stress  in  millions:  A.  —   10,  —   20,  C   —   50, 

J>  —   100.  {Data  from  Buckingham,  ''Manual  of  Gear  Design.'^) 

The  torque  on  the  gear  when  subjected  to  a   tooth  load  W   is 

WN 
2Pa 

(8-12) 

where  Q   =   torque,  Ib.-in. 

D   =   pitch  diameter,  in. 

iST  =   number  of  teeth  in  the  gear. 

W   =   allowable  load  at  the  pitch  line,  lb. 
Pd  =   diametral  pitch. 

The  face  width  b   is  usually  made  a   function  of  the  diametral 

pitch;  the  AGMA  recommends  as  good  practice 

b 
W 

Pd 

(8-13) 

where  h   ==  face  width,  in. 

Pd  ==  diametral  pitch. 
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Table  S-6. — Values  of  the  Buckingham  Gear-tooth  Fatigue  Constant^ 
OR  Stress-load  Factor 

i 
It 

Material 

Assumed  maxi- 

mum specific 

compressive 
stress,  lb.  per 

sq.  in. 

i   K   for 

I   14M- 

deg. 

tooth 

K   for 20-deg. 

tooth 

Cast  steel  and  cast  steel   i 60,000 

43 
59 

Forged  steel  and  cast  steel       .   .   .   i 65 , 000 
50 

68 

Forged  steel  and  forged  steel   80,000 

76 

104 
Hardened  steel  and  cast  steel   90,000 

96 i   131 
Forged  steel  and  semisteel   80 , 000 

114 

1   156 

Hardened  steel  and  phosphor  bronze.  . 85 , 000 135 

185 

Hardened  steel  and  semisteel   90,000 145 

198 

Heat-treated  steel  and  heat-treated 

steel   ■   
120,000 

171 
234 

Phenolic  laminated  and  metal   32 , 000 189 

259 

Semisteel  and  semisteel   
90,000 

193 
264 

Hardened  steel  and  heat-treated  steel . 130,000 201 

275 

Hardened  steel  and  hardened  steel .... 220,000 576 790 

Note:  Additional  values  of  K   in  terms  of  Brinell  hardness  will  be  found  in  reference  4. 

Hence  the  allowable  torque  may  be  expressed  as 

-   (8-14) 

where  S   —   allowable  unit  stress  at  velocity  Y,  lb.  per  sq.  in. 

Y   —   Buckingham  strength-form  factor  (Table  8-4). 
N   —   number  of  teeth  in  the  gear. 

Pd  =   diametral  pitch. 

The  maximum  safe  horsepower  corresponding  to  Eq.  (8-14)  is 

b.hp.  ̂ 2  X   33,000 
(8-15) 

where  n   is  the  speed  of  the  gear,  r.p.m. 

Q   is  the  torque,  lb. -in. 
Combining  Eqs.  (8-14)  and  (8-15) 

^   ̂    nSYN 
b.hp.  = 

(8-16) 

or 

=*/  nSYN 

V-i, 010  b.hp. 

(S-17) 
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8-4.  Example  of  Single  Reduction  G-eaxing  Calctxlation. — Determine  suit- 

able dimensions  for  a   single  reduction  gear  to  be  used  on  a   150-b.lip. 

2,700-r.p.m-  aircraft  engine. 

Procedure, — Experience  has  shown  (Par.  8-3)  ithat  casehardened  S.A.E. 

2515  is  suitable  for  reduction  gears.  Using  this  material,  the  allowable 

static  stress  may  be  taken  as  Sq  =   22,000  lb.  per  sq.  in.  For  strength 

(Table  A3-4)  a   20~deg.  stub  involute  tooth  should  be  used.  The  arrange- 

ment of  the  gearing  will  be  as  in  Fig.  8-10*. 

A'
 

^   Bearing 
No  A   ) 

£ 
(2) 

(oy 
Bearing  ̂    ̂ 

No.  2 

^   Bear  in  a No.  3 

-Propelfer 

’Sha-ff 

Crankshafi 

X- 

3- 

^   Bearing No.  I 

Fig.  8-10. — Arrangement  for  a   single  reduction  gear. 

To  start,  assume  the  drive  gear  INTo.  1   has  18  teeth,  and  to  keep  down 

weight  and  frontal  area,  let  the  distance  between  gear  centers  «   6   in. 

Theii  (Di  +   ==  6,  D^/Dx  —   From  which  Di  —   4.8  in.,  and 

Table  8-7. — Standard  Diametral  Pitches 

1.00 2.50 6.00 12 24 

1.25 1   3.00 

7.00  1 

14 

28 

1.50 3.50 
8.00  1 

16 

32 1.75 4.00 9.00 

18 

36 

2.00 5.00 
10.00 

20 40 

Pd  —   18/4.8  =   3.75.  The  nearest  standard  diametral  pitch  (Table  8-7) 

is  either  3.5  or  4.  Assume  Pa  =   4,  then 

D\  ~   =   4.5  in. 

and  the  distance  between  gear  centers  is 

Dx  4-  Do  4.5  4-  1.5  X   4.5  ,   . 
  2     =     2     ^   5.625  m. 

The  velocity  of  the  pitch  line  [Eq.  (8-8)]  is 

r   =   ̂   X   4.5  X   2,700  =   3,180  f.p.m. 

and  the  allowable  stress  [Eq.  (8-6)]  is 

^   =   22,000  (i^2oo’+3,i86)  =   6,020  lb.  per  sq.  in. 
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From  Table  8-4,  Y   =   0.i2,  and  from  Eq.  (8-16), 

150  X   4,010  X   45 
2,700  X   0.12  X   IS 

=   6,600  lb  per  £ 

This  is  almost  10  per  cent  greater  than  the  allowable  stress,  and  although 

it  would  likely  be  taken  care  of  in  the  factor  of  safety  of  the  material,  it  is 

inadvisable  to  take  unnecessary  chances  in  so  important  an  item. 

A   reduction  in  the  stress  may  be  made  either  by  increasing  the  number  of 

teeth  or  by  reducing  the  diametral  pitch,  but  for  small  changes,  probably 

the  easiest  way  is  to  widen  the  face  of  the  gear.  Thus  the  face  width  based 

on  Eq.  (8-13)  is 
10 

4 
2.5  in. 

This  width  corresponds  to  a   stress  at  full  rated  load  of  6,600  lb,  per  sq.  in. 

and  the  face  width  necessary  to  reduce  this  stress  to  6,020  lb.  per  sq.  in.  is 

2.5  X 

6,600 

6,020 

2.75  in. 

Other  dimensions  of  the  gears  now  follow  directly  (Table  A3-4)  from  the 

known  dimensions,  but  before  assuming  that  the  preceding  values  of  Pd 

and  b   will  be  satisfactory,  it  is  necessary  to  investigate  for  dynamic  loading 

and  excessive  wear. 

For  aircraft-engine  reduction  gears,  the  error  in  tooth  action  (Table  S-5) 

will  probably  not  exceed  0.001  in.,  and  for  this  error  the  dynamic  tooth  load 

constant  for  20-deg.  stub  involute  steel  gears  will  be  C   =   1,720.  From 

Eq.  (8-9), 

:   2.75  X   0.12 

1,560  lb. 

Hence,  from  Eq.  (8-10) 

_   0.05  X   3,180(2.75  X   1,720  -b  1,560) 
H-  1,560  =   5,750  lb. 

0.05  X   3,180  +   V2.75  X   1,720  1,560 

Substituting  this  value  of  TFd  in  Eq.  (8-9)  and  solving  for  the  stress, 

WdPd  5,750  X   4 
TrhY  xX  2.75X0.12 22,200  lb.  per  sq.  in. 

From  Table  8-2,  the  factor  of  safety  for  a   single  reduction  gear  should  be 

about  4.  Hence  the  tensile  strength  will  be 

22,000  X   4   =   88,000  lb.  per  sq.  in. 

and  from  Fig.  A2-1,  the  corresponding  Brinell  hardness  will  be  about  175.* 

From  Fig.  8-8,  the  flexural  endurance  limit  stress  is 

St  ==  42,000  lb.  per  sq.  in.  >   1.5  X   22,200  ==  33,300  lb.  per  sq.  in. 

Therefore,  the  gears  are  adequate  to  withstand  the  dynamic  tooth  loads. 

*   This  represents  the  average  hardness,  not  the  surface  conditions  after 

casehardening. 
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For  the  check  on  probable  wear  resistance  [Eq.  (8-11)],  D   —   4.5  in., 

b   =   2.75  in.,  and  Z'  -   (2  X   1.5  X   18)/(18  +   1.5  X   18)  «   1.2.  By  assum- 
ing that  the  steel  gears  will  be  casehardened  to  500  Brinell  hardness,  a   value 

of  K   (Fig.  S-9)  of  350  to  750  may  be  used  depending  upon  the  desired  life 

of  the  gears-  For  the  operating  life  of  an  aircraft  engine,  a   value  of  K   =   600 

would  appear  to  be  reasonable.  Hence, 

W^a  =-  4.5  X   2.75  X   600  X   1-2  =   8,900  lb. 

and  since  8,900  X   0.75  =   6,700  lb.  >   5,750  lb.,  the  gears  are  adequate  for 

resistance  to  wear. 

8-6.  Example  of  Planetary-reduction  Gearing  Calculation. — Determine 

suitable  dimensions  for  a   M   planetary  reduction  gear  to  be  used  on  a 

150-b.hp.  2,700-r.p.in.  aircraft  engine. 

Procedure. — ^Since  it  will  be  of  interest  to  compare  this  type  of  reduction 

gearing  with  the  single  reduction  gearing  (Par.  8-4),  assume  the  same 

material,  i.e.,  S.A.E.  2515  casehardened,  So  =   22,000  lb.  per  sq.  in.  Simple 

epicyclic  spur  gearing  has  been  found  to  be  suitable  for  reducing  propeller 

shaft  speed  (Fig.  8-4) ;   hence  this  system  of  gearing  will  be  selected. 

P/ofnef  pin/on  P 

Fig.  S-11. — General  arrangement  for  a   three-planet  pinion  planetary  reduction 

gear. 
The  arrangement  of  parts  will  be  as  in  the  figure  of  Table  A3-6  except 

that  in  order  to  reduce  and  distribute  the  stress  in  the  most  critical  parts 

more  than  one  planet  pinion  will  be  used.  For  an  engine  of  the  size  being 

considered,  three  planet  pinions  will  probably  be  adequate,  and  these  may 

be  supported  by  a   Y-shaped  arm  (A,  Table  A3-6).  Experience  indicates 

that  case  6   of  Table  A3-6  is  a   suitable  arrangement;  hence  sun  gear  S   will 
be  fastened  to  the  crankcase  so  that  it  cannot  rotate,  A   will  be  splined  to  Mi 

(the  propeller  shaft),  and  G   will  be  splined  to  ilf 2   (the  crankshaft). 

*   In  simple  planetary  (epicyclic)  drives,^  the  sum  of  the  numbers  of  teeth 
in  the  internal  gear  and  the  sun  gear  must  be  divisible  by  the  number  of 
planet  pinions  used,  i.e.,  for  three  planet  pinions,  {Nq  -f-  Ns)  3   must 
equal  a   whole  number,  etc. 
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A   preliminary  sketch  of  the  proposed  arrangement  of  the  gearing  is  shown 

in  Fig.  8-11.  Such  layouts  are  useful  in  fixing  more  clearly  in  mind  the 

necessary  or  desired  arrangement  o   various  parts  even  though  later  detailed 

study  of  means  for  lubrication,  arrangement  of  bushings,  methods  of  attach- 

ing the  fixed  gear  to  the  crankcase,  etc.,  may  necessitate  detailed  changes. 

This  layout  is  sufficient  to  fix  in  mind  the  general  plan  of  the  reduction 

gear  and  to  form  a   basis  for  the  calculating  of  over-all  dimensions  that  will 

be  necessary.  These  sizes  having  then  been  determined,  the  layout  may  be 

altered  in  detail  to  fac  litate  manufacture,  use  of  standard  parts,  arrange- 

ment of  means  for  lubrication,  etc.  In  this  detail  work,  much  assistance 

can  be  had  from  a   study  of  the  details  of  current  successful  designs  (Figs.  8-4, 

and  8-5). 

To  keep  the  reduction  unit  as  compact  as  possible,  assume  that  the  pitch 

diameter  of  the  gear  is  10  in.,  and  since  there  will  be  three  times  as  many 

contact  points  between  gears  as  in  the  single  reduction  gearing  (Par.  8-4),  a 

larger  value  of  diametral  pitch  may  be  used.  Let  Paa  =   6.  Then 

iV’<?  =   6   X   10  =   60  teeth, 

and  from  Table  A3-6,  case  6,  for  a   reduction 

or  iVs  =   30  teeth 

and  the  pitch  diameter  of  sun  pinion  S   is 

Ds  —   —   5   in. 

To  fit  the  gears  together,  the  pitch  radius  of  /S  plus  the  pitch  diameter  of  P 

will  have  to  be  equal  to  the  pitch  radius  of  G   or 

=   ̂   -   ̂   =   5   -   2.5  =   
2.5  in. 

The  number  of  teeth  on  the  pinion  gear  is 

Af  -   2.5  X   6   =   15  teeth 

From  Table  A3-6,  case  6,  the  speed  of  the  pinions  around  their  owm  centers 
will  be 

np  =   2,700  X   II  X   =   3,600  r.p.m. 

and  the  pitch-line  velocity  [Eq.  (8-8)1  is 

...  TT  X   2.5  X   3,600 
Kf  =     7-?:   

From  Eq.  (8-6),  the  allowable  stress  is 

-s  =   22.000 
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The  center  distance  of  gears  S   and  P   is 

S   =   ̂   +   ̂   =   2.5  +   1.25  =   3.75  in. 

and  the  pitch-line  velocity  of  the  transmitted  load  (Table  A3-6,  case  6)  is 

V   =   0.5236  X   2,700  X   3.75  (50  ̂   15)  *   '^7^60  f.p.m. 

The  transmitted  load  per  planet  pinion  (Table  A3-6,  case  6)  for  a   three-planet 
pinion  reduction  gear  is 

From  Eq.  (8-9),  the  face  ̂ yidth  of  the  pinion  to  produce  a   transmitted 
stress  equal  to  the  allowable  stress  is 

To  increase  the  margin  of  safety,  let  5   =   ̂    =   0.625  in. 
To  facilitate  comparisons,  assume  the  same  accuracy  of  construction  as  in 

the  single  reduction  gearing  example  of  Par.  8-4,  t.e.,  an  error  in  tooth  action 

of  0,001  in.  Then,  from  Table  8-5,  the  dynamic  tooth  load  constant  is 

C   =   1,720  and  the  dynamic  tooth  load  [Eq.  .(8-10)]  is 

ir.  =   0-05  X.2,355(a^5  X   1^20  ±23^  ̂    ^ 
0.05  X   2,355  +   VO.625  X   1,720  +   234 

Substituting  this  value  of  Wa  in  Eq.  (8-9)  and  solving  for  the  stress 

^   1,234  X   6   nnmi, 

=   ;r  X-t.625  xafll  = 

By  using  the  same  flexural  endurance  limit  load  as  in  the  example  of  Par.  8-4, 

2.e.,  St  =   42,000  lb.  per  sq.  in.,  it  is  apparent  that  the  gear  teeth  would 
not  break  because  of  the  shock  loading.  However,  the  factor  of  safety  is 

42,000/34,000  =   1.23  <   1.5,  the  value  recommended  by  Buckingham  for 
shock  loading. 

To  increase  the  factor  of  safety  for  shock  or  dynamic  loading,  let  h   =   1.0  in. 
Then 

0.05  X   2^355(1.0  X   1,720  +   234) 

0.05  X   2.355  Vl-O  X   1,720  +•  234 
and 

1,6,54  X   6 

i   x   1.0  X   0.111  = 

The  factor  of  safety  for  shock  loading  is  now  42,000/28,500  —   1.475  ?=»  1.5; 

hence  the  gears  should  be  adequate  to  withstand  the  dynamic  loading. 
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For  the  check  on  wear  resistance,  two  conditions  exist,  i.e,,  (a")  wear 
between  the  pinion  and  sun  gear  and  (6)  wear  between  the  pinion  and  internal 
gear.  Considering  case  (a)  first  and  referring  to  Eci.  ?S-11  ),  Dp  =   2.5  in., 

6   =   1   in.,  and  ^   =   (2  X   30)/(15  -{-30)  =   1.333.  Assuming  the  same 
degree  of  casehardening,  i.e.,  Brinell  hardness  =   500,  as  in  the  example  of 
Par.  8-4,  K   =   600,  and 

=   2.5  X   1   X   600  X   1.333  =   2,000  lb. 

Since  TFd  —   1,654  <   2,000  =   wear  or  pitting  should  not  occur,  but 
Wd  =   1,654  >   0.75  X   2,000  =   1,500  lb.,  hence  the  margin  of  safety  is  not 
large. 

For  case  (6),  Z   =   (2  X   60)/(60  —   15)  =   2.67  and 

Wy,  =   2.5  X   1   X   600  X   2.67  =   4,000  lb. 

Since  Wd  =   1,654  <   0.75  X   4,000  =   3,000  lb.,  there  is  little  likelihood  of 

pitting  or  wear  between  the  pinion  and  the  internal  gear. 

8-6.  Special  Gears. — Since  interchangeability  is  not  important 

in  reduction  gears,  it  is  possible  to  improve  materially  on  con- 

ventional standard  gears  by  resorting  to  special  gearing.  Of  the 

possible  variations,  variable-center-distance  gears  are  in  con- 

siderable favor.  With  such  gears,  the  pitch,  center  distance, 

addendum,  and  pressure  angle  may  be  varied  to  suit  the  tooth 

number  of  mating  gears  best.  Reduction  in  wear,  specific 

sliding,  and  greater  ease  of  attainment  of  acceptable  accuracy 

of  tooth  form  are  advantages  claimed  for  variable-center-distance 

gears.  Detailed  data  on  these  gears  are  to  be  found  in  references 

3   and  12. 

8-7.  Reduction  Gear  Bearing  Loads. — To  ensure  the  selection 
of  proper  sizes  of  bearings  for  reduction  gear  shafts,  bearing 

loads  due  to  the  gearing  should  be  determined.  In  general,  these 

loads  are  dependent  upon  the  horsepower  transmitted,  the  type 

of  gearing,  i.e.,  whether  single  or  double  reduction,  the  tooth 

pressure  angle,  and  the  axial  distance  of  the  bearings  from  the 

center  line  of  the  gears.  Tor  helical  or  bevel  gearing,  additional 

thrust  loads  are  also  important.  Alethods  of  determining 

bearing  loads  due  to  gearing  are  given  in  Tables  A3-9  to  A3- 12. 

Example, — Determine  bearing  loads  and  select  suitable  sizes  of  anti- 

friction bearings  for  the  single-reduction  gearing  of  Par.  S-4. 

Referring  to  Fig.  8-10,  the  locaition  of  the  bearings  relative 

to  the  gears  will  be  determined  in  part  by  the  desired  arrangement  of  the 

nose  of  the  crankcase  and  by  the  location  and  arrangement  of  other  adjacent 

parts.  Assume  for  this  example  that  these  factors  dictate  a   value  of 
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A   ̂   2   in.,  B   =   2   in.,  E   =   2.5  in.,  and  F   =   2.5  in.  Referring  to  Table 

A3-9,  the  torque  input  is 

2,700 
The  tangential  force  is 

^   ""  2.25 

1,550  lb. 

The  separating  force  for  20-deg.  stub  teeth  is 

S   =   1,550  tan  20^^  =   565  lb. 

The  bearing  loads  calculated  by  the  naethods  given  in  Table  A3-9  are  tabu- 
lated as  follows: 

Load  due  to P s 

i 

Bearing  1 . . . 

Bearing  2 . . . 

Bearing  3 . . . 

Bearing  4 . . . 

Pi  =   1,650  2   +   2 

P2  =   1,550  2-|r2  “ 

|P3  =   1,5502/^^2^=  7751b. 

P.  =   l,550  2.^_jf2^  =   7761b. 1 

Si  =   665  1^2  ̂ 

Si  =   665  2^2  “ 

0   K 

0   K <S'4  =   565  =   282.61b. 

Total  load 

On  bearing  1   ==  I/i  =   ̂775^  +   282.52  =   825  lb. 

By  inspection,  it  is  seen  that  Ai  =1/2  =   Lz  —   L4,;  hence  all  bearings  will 

be  equally  loaded. 

Assume  that  ball  bearings  are  to  be  used.  Then,  referring  to  Table 

A 1-22,  for  bearings  1   and  2, 

L   =   825  lb. 

n   =   2,700  r.p.m. 

F   =   1.0  (assuming  that  the  thrust  will  not  exceed  10  per  cent  of  L   for 

straight  spur  gears). 

Z   =   0.88  (10  hr.  per  day  X   300  days  per  year  =   3,000  hr.;  easily  the  life 
of  the  usual  aircraft  engine). 

AT  =   2.0  (reduction  gears  are  subjected  to  considerable  shock  due  to 

torque  variation  and  vibration). 

C   =   825  X   1   X   0.88  X   2.0  =   1,450  lb. 

By  assuming  that  hlling-notch  type  bearings  are  to  be  used  (Table  A1-22E), 

S.A.E.  bearing  407  (heavy  series),  308  (medium  series),  or  possibly  210  (light 

series)  could  be  used-  The  choice  now  largely  rests  with  the  bore  most 

suitable  to  fit  the  crankshaft  (see  Table  A1-22I)),  but  other  major  dimen- 
sions may  dictate  in  some  cases. 
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To  simplify  the  construction,  the  heurinj^  adjacent  to  tlie  crank  arm 

might  also  be  used  as  the  end  main  bearing.  In  this  ease,  the  I   rearing  load 
should  be  combined  with  the  gear  load  to  find  the  resultant  load  on  the 
bearing. 

For  bearings  3   and  4,  X   =   825  lb.,  n   —   1,800  r.p.m.  (for  a   f   z   reduction 

gear),  F   =   1.0,  Z—  0.S8,  K   ~   2.0,  and  C   =   1,450  lb.  as  before.  For 

filling-notch  type  bearings  (Table  A1-22E),  S.A.E.  bearings  406,  407,  308, 

or  209  should  he  strong  enough.  From  Fig.  Al-6,  it  appears  that  S.A.E. 

taper-type  propeller  shafts  1   or  2   should  be  adequate.  The  largest  diameter 

of  shaft  end  1   is  2.05  in.  and  of  shaft  end  2   is  2.3G2  in.  rPahle  Al-20). 

As  the  bearing  on  the  propeller  shaft  end  side  of  the  reduction  gear  could 

not  have  a   bore  less  than  the  maximum  diameter  of  the  S.A.E.  shaft  end,  it 

would  have  to  he  at  least  an  S.A.E.  211  bearing  for  the  No.  1   shaft  end  and 

probably  an  S.A.E.  213  bearing  if  the  Xo,  2   shaft  end  is  used. 

Again  for  the  purpose  of  simplifying  construction,  it  would  be  advisable 

to  give  some  attention  to  the  possibility  of  using  the  reduction  gear  bearing 

adjacent  to  the  propeller  for  the  dual  purpose  of  taking  the  gear  load  and 

also  the  propeller  thrust.  Assume  that  the  propeller  efficiency  at  full 

throttle  climb  is  SO  per  cent,  reduction-gear  efficiency  is  90  per  cent,  and  the 

airplane  speed  under  climb  conditions  is  60  m.p.h. 

The  thrust  is 

375  X   150  X   0,9  X   0.8       67olb. 

The  ratio  of  thrust  to  radial  load  is 

r   “   8^ 

and  from  Table  A1-22A,  it  is  apparent  that  this  value  of  T   /L  is  beyond  the 

recommended  range  for  filling-noteh-type  bearings.  For  the  nonfilling- 

notch  type,  F   =   1.3  and 

C   =   825  X   1.3  X   O.SS  X   2.0  =   1,885  lb. 

From  Table  A1-22K,  S.A.E.  bearings  312,  313,  or  314  should  be  adequate 

to  handle  the  combined  propeller  thrust  and  reduction-gear  load.  As  S.A.E. 

bearing  313  has  a   bore  (=  2.5591  in.)  nearest  over  the  maximum  diarpeter 

of  the  propeller  shaft  end,  it  is  the  more  logical  selection, 

8-8.  Reaction-torque  Measurements. — In  connection  wdth 

the  study  of  reduction  gearing,  a   development  by  the  Pratt  and 

Whitney  Company®  for  measuring  brake  horsepower  in  flight  is 
of  interest. 

In  this  device  (Fig.  8-12),  the  fixed  gear  (D,  Fig.  8-4)  is  not 
bolted  to  the  nose  of  the  crankcase  but  instead  is  connected 

through  suitable  linkag’cs  to  two  pistons  in  small  hydraulic 

cylinders.  These  hydraulic  cylinders  are  connected  to  a   high- 
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pressure  oil  line,  and  one  piston  head  is  so  shaped  that  it  acts 

as  a   control  valve.  Hence  the  pistons  are  always  kept  floating 

near  mid-travel  position.  A   line  from  the  hydraulic  cylinders 

to  a   suitable  pressure  gage  on  the  instrument  board  of  the  air- 

!Fig.  S--12. — Schematic  diagram  of  Pratt  and  Whitney  torque  indicator. 

craft  permits  direct  reading  the  engine  torque.  The  brake 

horsepower  may  readily  be  found  from 

b.hp.  =   K   yc  Pq  X   n   (8--18) 

where  A   =   a   constant  depending  upon  the  reduction  gear  ratio 

and  the  dimensions  of  the  torque  indicator. 

Pq  =   torque-indicator  gage  reading,  lb.  per  sq,  in. 
n   =   r.p.m.  of  the  engine. 

For  an  engine  equipped  with  a   constant-speed  propeller,  the 

gage  could  be  calibrated  to  read  in  units  of  brake  horsepower 

directly. 

8“9.  Thrust  “bearing  Details. — Thrust  bearings  are  usually 
subjected  to  a   combination  of  thrust  and  radial  loads.  The 

thrust  load  will  usually  be  a   maximum  under  full  throttle  climb 

conditions.  The  thrust  in  pounds  may  be  determined  from 

375  X   b.hp.  X   1?  X 

V 
(8-19) 

where  T   ==  thrust,  lb. 

b.hp.  =   brake  horsepower- 

77  =   propeller  efficiency. 

enG  =   mechanical  efficiency  of  the  reduction  gearing  (=  1.0 
for  direct  drive). 

V   ==  climbing  speed  of  the  airplane,  m.p.h. 
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The  radial  load  on  the  thrust  bearing  depends  upon  the  arrange- 

ment of  shaft  parts,  the  type  of  reduction  gearing,  and  the 

arrangement  of  the  engine,  i.e.,  in-line,  radial,  etc.  An  instances 

of  procedure  in  combining  reduction  gear  loads  with  the  thrust 

load  has  been  given  in  Par.  8-6.  For  direct-drive  radial  engines, 

Table  Al-10  should  be  of  assistance  in  determining  the  radial 

load  on  the  thrust  bearing. 

With  the  thrust  and  radial  loads  known,  the  procedure  in 

selecting  a   suitable  thrust  bearing  is  essentially  the  same  as  the 

Fig.  S-13. — Front  main  and  thrust  bearing  arrangement  of
  Leblond.  model  o-t  - 

(A)  Crankshaft;  (B)  front  main  bearing;  (C)  crankcase  nose
  section ;   (D)  thrust 

bearing;  {E)  oil  slinger;  {F)  thrust  bearing  lock  nut;  
(O’)  engine  nose  plate. 

example  of  Par.  8-7.  For  most  conventional  a
rrangements. 

Table  Al-22  gives  adequate  data  for  the  prelimi
nary  selectmn. 

Before  a   desig'n  is  given  final  approval  for  cons
truction,  it  is 

advisable  to  have  the  manufacturer  of  the  bearin
g  to  be  used 

check  the  selection. 

Detail  arrangement  of  thrust-bearing  installat
ions  vary  con- 

siderably and  probably  can  best  be  studied  by  re
ference  to 

available  cuts  and  drawings  of  typical  eng
ines.  Figure  8-13 

shows  the  detail  arrangement  of  the  thrust  
bearing  used  on  tlu‘ 

Leblond  radial  engine,  model  5-F,  and  Fig. 
 S-14  shows  the  tlirust 
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bearing  arrangement  used  on  the  Menasco  six-cylinder  in-line 

engine.  Other  arrangements  are  shown  in  Figs.  8-4  and  8-6. 

Fig.  S~14. — Thmst-bearing  arrangement.  Menasco  six  cylinder  in-line  engine. 
(Jl)  Crankshaft;  (J5)  front  main  bearing;  (<7)  thrust  bearing;  (Z))  oil  slinger; 

(F)  excess  oil  slinger;  (F)  thrust  bearing  lock  nut;  (<x)  engine  nose  plate. 

Suggested  Design  Procedure 

Important.  Give  references  for  all  formulas  and  empirical  factors  used. 

All  drawings  should  be  on  »standard-size  paper  and  complete  in  all  details, 

including  dimensions,  clearances,  material  specifications,  number  required, 

etc.  Drawings  (except  as  noted)  should  be  blueprinted  and  properly  folded 

(Fig.  2-4)  for  insertion  in  the  design  notebook.  Keep  a   record  of  the  man- 
hours required  on  each  item. 

1.  Complete  the  remaining  crank-arm  and  crankshaft  details  (see  Sug- 

gested Design  Procedure,  page  142),  and  check  for  items  suggested  in  Par. 

S-1.  Complete  the  layout  and  dimensioning  of  the  crank  arm  and  bearing 

portions  of  the  crankshaft. 

2.  Select  a   suitable  size  of  S.A.K.  propeller  shaft  end. 

3-  Make  a   preliminary  pencil  sketch  approximately  to  scale  of  the 

desired  arrangement  of  the  nose  of  the  crankcase  and  the  connecting  parts 

between  the  crankshaft  and  the  propeller  shaft  end.  Docato  the  various 

j:>arts  of  the  crankshaft,  reduction  gearing  (if  used),  supporting  bearings, 

and  supports  for  the  bearings.  Check  the  arrangement  to  be  certain  the 

parts  can  be  fitted  together.  Arrange  to  use  standard  S.A.E.  bearing  sizes, 
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bearing  lock  nuts,  splines,  etc*.,  wherever  jKcssihle.  {   St*e  tal>h*.s  in  the  appen- 

dix and/or  the  S.A,E.  ‘‘‘Handbook.’’) 

4.  If  reduction  gears  are  to  be  used,  select  the  desired  arrang;eni«*nt  and 

determine  all  necessary  dimensions.  Alter  the  sketch  of  item  3   above  as 

necessary. 

5.  Determine  bearing  loads  for  reduction-gear  siipportiiig  bearings,  and 

select  suitable  bearings.  Alter  the  sketch  of  item  3   al>ove  as  necessary. 

6-  Determine  thrust  bearing  loads,  and  select  a   suitable  size  of  thrust 

bearing.  Alter  the  sketch  of  item  3   above  as  necessary. 

7.  Complete  tfeie  detail  arrangement  of  crankshaft  and  propeller-shaft 

parts  in  the  nose  section.  Use  S.A.E.  standard  parts  as  applies.  Complete 

the  desired  arrangement  of  detail  parts  in  the  nose  section. 

8.  Make  detail  drawings  of  all  parts  that  cannot  be  definitely  identified 

by  S.A.E.  number.  Include  all  dimensions,  specify  materials  to  be  used 

(by  S.A.E.  number  as  applies),  indicate  heat-treatment  and  type  of  case- 

hardening  as  applies,  check  arrangement  for  lubricating  of  parts,  and  identify 

each  part  by  number  or  letter  in  accordance  with  the  part-numbering  system 

being  used. 

9.  Make  an  assembly  drawing  of  the  nose  section  parts  on  the  layout 

drawing  of  Suggested  Design  Procedure,  page  24,  item  4.  Show  parts  in 

section  whenever  such  sectioning  increases  the  clarity  or  legibility  of  the 

drawing.  Include  only  principal  over-all  dimensions.  Identify  each  part 

of  the  assembly  drawing  by  a   reference  number  corresponding  to  the  detail 

drawing  or  reference  number  of  that  part.  When  the  detailed  drawing  con- 

tains more  than  one  part,  identify  each  part  by  the  detailed  drawing  num- 

ber and  a   letter.  Do  not  blueprint  the  assembly  drawing  at  this  stage. 

1
0
,
 
 

When  items  1   to  9   have  been  completed  and  put  in  proper  form,  sub- 

mit for  checking  
and  approval. 

Problems 

1.  An  airplane  attains  150  m.p.h.  with  an  engine  of  200  b.hp.  operating 

at  3,200  r.p.m.  direct  drive. 

a.  Find  the  propeller  diameter  and  maximum  propeller  efficiency. 

h.  What  gain  in  propeller  efficiency  could  be  had  if  the  engine  was  equip- 

ped with  an  ̂ 5  reduction  gear  having  a   mechanical  efficiency  of  95  per  cent? 

c.  What  brake  horsepower  could  the  3,200-r.p.m.  direct-drive  engine 

develop  if  it  were  slowed  dOwn  to  the  geared-engiiie  propeller  speed  of 

2,000  r.p.m.? 

d.  Hy  assuming  73  octane  number  fuel  for  the  slowed-down  engine  in 

part  Cj  what  increase  in  octane  number  would  be  necessary  to  attain  the 

power  required  by  supercharging?  ^ 

€.  By  assuming  that  the  reduction  gear  increases  the  weight  of  the  3,200- 

r.p.m.  engine  by  12  per  cent,  what  saving  in  weight  will  this  represent  over 

increasing  the  size  of  the  engine  at  2,000  r.p.m.  to  where  it  will  develop 

190  b.hp.  ? 

2.  An  engine  builder  plans  to  use  spur-type  single  reduction  gearing  for 

his  in-line  150-b.hp.  3,000-r.p.m.  engine.  If  the  pitch  diameter  of  the 
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pinion  is  4   in.  and  the  material  is  forged  S.A.E.  1045  steel,  what  would  be  a 

safe  allowable  stress  at  pitch-line  velocity? 

3-  If  the  pinion  in  Problem  2   has  16  teeth,  a   20-deg.  stub  involute  forna, 

and  a   face  width  corresponding  to  AGMA  recommendations,  what  maxi- 

mum safe  tangential  load  can  be  transmitted?  Will  this  be  adequate  for 

rated  brake  horsepower? 

4.  The  reduction-gear  pinion  m   Problems  2   and  3   has  a   Brinell  hardness 

number  of  200  and  an  error  in  tooth  action  of  0.001  in.  What  is  the  dynamic 

tooth  load  stress?  Will  this  dynamic  or  shock  load  stress  the  material 

beyond  its  flexural  endurance  limit? 

5.  The  pinion  in  the  preceding  three  problems  is  casehardened  to  500 

Brinell,  and  the  reduction  gear  ratio  is  What  stress  factor  K   is  neces- 

sary to  prevent  pitting  and  wear  of  the  gear  teeth?  Explain  briefly  why  a 

higher  surface  hardness  would  help  reduce  pitting  and  wear. 

6.  Select  materials  and  determine  suitable  dimensions  for  a   single 

reduction  gear  to  be  used  on  a   200-b.hp.  2,800-r.p.m.  aircraft  engine. 

Minimum  desirable  number  of  teeth,  on  the  pinion  15,  minimum  desirable 

diametral  pitch  4.  Center  distance  and  frontal  area  to  be  as  small  as  possi- 

ble to  keep  down  drag  and  shielding  of  cooling  fins.  Give  reasons  for  each 

selection  or  assumption. 

7.  Select  materials  and  determine  suitable  dimensions  for  a   planetary 

reduction  gear  to  be  used  on  a   200-b.hp.  2,800-r.p.m.  aircraft  engine. 

Minimum  desirable  number  of  teeth  on  any  gear  15,  minimum  desirable 

diametral  pitch  6,  minimum  desirable  number  of  pinion  gears  3,  maximum  6, 

internal  gear  to  be  splined  to  engine  shaft,  supporting  arms  for  planet 

pinion  gears  to  be  splined  to  propeller  shaft,  sun  pinion  gear  to  be  bolted  to 

nose  of  crankcase.  Make  a   sketch  approximately  to  scale  showing  the 

arrangement  of  gearing,  and  tabulate  calculated  stresses,  pitch  diameters, 

numbers  of  teeth,  diametral  pitch,  face  width,  and  approximate  over-all 

dimensions  of  assembled  gearing.  Give  reasons  for  each  selection  or 

assumption. 
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CHAPTER  9 

CYLINDERS  AND  VALVES 

9-1.  Functions  of  the  Cylinder. — Aircraft-engine  cylinders 
serve  to 

1.  Provide  space  for  confining  accurately  metered  portions  of  the  charge 

while  it  is  passing  through  the  cycle  or  process  of  having  its  chemical  energy 
converted  into  heat  and  mechanical  energy. 

2.  Guide  the  piston  in  its  reciprocating  motion. 

3.  Provide  the  thermal  path  for  removal  of  a   large  portion  of  the  heat 

energy  liberated  during  combustion. 

4.  Support  and  guide  the  valves,  and  usually  support  part  of  the  valve 

gear. 
5.  Support  the  spark  plugs  or,  in  the  case  of  Diesels,  the  injector  nozzles. 

6.  Support  part  of  the  inlet  and  exhaust  passages  for  the  charge. 

These  principal  functions  ver^"  largely  dictate  the  details 

of  design  of  the  cylinder.  For  instance,  requirement  1   necessi- 
tates a   relatively  gastight  construction,  an  accurate  combustion 

chamber  space,  sufficient  structural  rigidity  to  prevent  distortion 

during  combustion,  fatigue  resistance  to  rapidly  varying  forces, 

sufficient  strength  at  operating  temperatures,  and  resistance  to 

corrosion  by  the  pz'oducts  of  combustion.  Requirement  2   calls 
for  a   rigid  cylinder  to  prevent  binding  of  the  piston,  a   smooth 

wall  surface  to  keep  friction  to  a   minimum,  a   hard  wall  sur- 

face to  keep  wear  low,  and  in  conventional  construction  suffi- 

cient strength  to  transmit  the  ̂   axial  force  to  the  crankcase. 
Requirement  3   dictates  the  use  of  materials  of  liigh  thermal 

conductivity.  For  air-cooled  cylinders  within  the  range  of 

sizes  used  in  aircraft  engines,  this  calls  for  more  or  less  elaborate 

cooling  fins.  For  liquid-cooled  cylinders,  a   means  of  confin- 
ing the  liquid  closely  around  the  cylinder  must  he  provided. 

Requirement  4   requires  the  use  of  wear-resistant  valve  seats 

and  guides  and  sufficient  rigidity  to  prevent  binding  of  parts 

or  leakage  of  charge.  Requirement  (5)  is  evident,  and  require- 
ment 6   necessitates  a   more  or  less  complex  construction. 

In  addition  to  these  reciuirements,  the  cylinder  must  (7)  be  as 

light  in  weight  as  possible. 173 
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9~2,  Types  of  Cylinder  Construction. — ^As  in  the  case  of  other 

aircraft-engine  parts,  compliance  with  the  diverse  requirements 

for  cylinders  results  in  numerous  compromises  in  the  selection 

and  arrangement  of  parts.  In  the  automotive,  marine,  and 

Pal 

CO  (D) 

Fig.  9-1. — Types  of  air-eoolod  cylinders. 

(A)  Leblond,  4.25-  by  3.75-in.  five-cylinder  radial,  IS  b.hp./cyl.  (B)  Lycom 

ing  4.624-  by  4.5-in.  nine-cylinder  radial,  27  b.hp./cyl.  (C)  Sky  Motor  3.875 
by  4.25-in.  four-cylinder  in-line,  15  b.hp./cyl.  (Z>)  Menasco  4.5-  by  5.125-in 
six-cylinder  in-line,  27  b.hp./cyl. 



(F 
Fig.  9-1  (Cont.). — Types  of  air-cooled  cylinders.  (£^)  Wright  6.125-  by 

6.875-in.  nine-cylinder  radial,  90  b.hp./cyl.  (F)  Kiuner  4.25-  by  5.25-m.  five- 

cylinder  radial,  20  b.hp./cyl.  (G)  Lenape  4.125-  by  4-in.  throe-cylinder  radial,  17 
b.hp./cyl. 
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industrial  fields  where  weight  is  at  less  of  a   premium,  cast  iron 

is  by  far  the  most  commonly  used  material  for  cylinders,  but 

for  aircraft-engine  cylinders  its  strength-weight  ratio  is  too  low, 

and  for  air-cooled  cylinder  heads,  its  coefficient  of  thermal'  con- 
ductivity is  inadequate  for  all  but  the  smallest  sizes  of  engines. 

In  a   few  cases,  cast  iron  is  used  because  of  its  relatively  low  cost. 

The  majority  of  modern  aircraft-engine  cylinders  are  of  com- 

posite construction,  the  barrel  being  machined  from  a   steel  forg- 

ing bolted  to  or  screwed  and  shrunk  into  a   cast  aluminum-alloy 
head.  Aluminum  has  an  excellent  thermal  conductivity,  and 

the  head  sections  may  be  made  sufficiently  thick,  without 

excessive  weight,  to  withstand  the  gas-force  stresses,  but  it  is 

not  sufficiently  w^ear  resistant  to  serve  as  material  for  valve 

guides 'and  valve  seats,  and  usual  practice  is  to  use  a   more 
suitable  alloy  for  these  parts. 

To  resist  wear,  steel  cylinder  barrels  are  treated  to  a   high 

surface  hardness.  In  some  types  of  engines,  replaceable  cylinder 

liners  are  used,  but  in  aircraft  engines  this  method  is  seldom  used. 

Cylinder  barrels  are  usually  provided  with  a   hold-down  flange 

which  permits  their  being  bolted  to  the  crankcase,  but  in  some 

cases  through  bolts  from  the  head  have  been  used.  In  liquid- 

cooled  engines,  jackets  of  cast  aluminum  or  of  sheet  steel  have 

been  used  to  confine  the  cooling  medium.  In  air-cooled  engines, 

fins  are  machined  on  the  barrel  and  cast  integral  with  the  head. 

Figure  9-1  shows  typical  current  arrangements  of  composite 

cylinder  construction,  and  additional  details  may  be  studied 

from  blueprints  and  drawings. 

9-3.  Cylinder  Materials- — For  cylinder  barrels,  Johnson^ 

recommends  S.A.E.  1050,  S.A.E.  4140,  or  Nitralloy  (Tables  A2-9 

and  A2-11).  Choice  among  the  three  will  rest  largely  with  the 

severity  of  the  service,  i.e.,  the  specific  performance  desired,  and 

with  the  cost,  the  plain  carbon  steel  being,  of  course,  the  least 

expensive. 

For  c^dinder  heads,  aluminum  alloys  142,  355,  A355,  or  195, 

(Tables  A2-1,  A2-2,  A2-3,  A2-4,  and  A2-5)  are  recommended. 

These  alloys  retain  their  mechanical  properties  well  at  elevated 

temperatures,  a   feature  particularly  desirable  in  cylinder-head 
materials. 

Valve  guides  may  be  made  of  cast  aluminum  bronze, i*-  S.A.E. 

Specification  68  (Table  A2-12),  wrought  aluminum  bronze, 
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S.A.E.  Specification  701  (Table  A2-12),  or  hard  eat>t  bronze/’- 

S.A.E.  Specification  62  (Table  A2-12).  Valve  seats  may  be 

made  of  cast  aluminum  bronze/--  S.A.E.  Specification  6S 

(Table  A2-12),  wrought  aluminum  bronze/*-  S.A.E.  Specifica- 

tion  701  (Table  A2-12),  or  NF-9,  an  alloy  of  copper,  aluminum, 

iron,  nickel,  and  manganese  (Table  A2-10).  For  sex'ere  service, 

valve  seats  may  be  faced  with  Stellite  No.  6   (Table  A2-10). 

Cylinder  studs  and  nuts^  may  be  made  of  S.A.E.  3140  or  6150 

(Tables  A2-9  and  A2-11).  Stellite  No.  1   is  recommended  for 

valve  stem  tips. 

9-4.  The  Cylinder  Barrel, — To  prevent  rupture,  the  cylinder 

barrel  must  be  strong  enough  to  withstand  the  maximum  gas 

force  to  which  it  is  subjected.  The  greatest  gas  force  occurs 

normally  when  the  piston  is  near  the  top  of  the  cylinder  and 

hence  shields  the  C3dinder  from  direct  action  of  the  force,  but 

under  adverse  conditions,  such  as  preignition,  the  upper  end  of  the 

cylinder  barrel  be  subjected  to  near  maximum  explosion 

pressure.  The  usual  relation  for  the  stress  in  thin- walled 

cylinders  is  obtained  from 

PR  =   St  (9-1) 

where  P   =   maximum  pressure  in  the  c^dinder,  lb.  per  sq,  in. 

R   =   radius  of  the  cylinder  (=  bore/2),  in. 

S   =   stress,  lb.  per  sq.  in. 

t   =   thickness  of  the  cylinder  wall,  in. 

For  thin-walled  c^^linders  with  closed  ends,  the  longitudinal 
stress  in  the  walls  is  obtained  from 

PR  =   2^'^  (9-2) 

where  S'  —   longitudinal  stress,  lb.  per  sq.  in. 

Obviously  the  conditions  of  Eq.  (9-1)  are  the  more  critical. 

In  appl^dng  Eq.  (9-1)  to  engine  c^dindors,  consideration  must 

be  given  to  manufacturing  limitations.  Thus,  for  cast  gra\’^  iron 

automotive  c^^linders  with  integral  jackets,  the  outer  surface 

of  the  c^dinder  wall  cannot  be  machined  or  clostdy  checked  for 

shift  of  the  core  durifig  pouring.  Hence,  it  is  usual  practice  to 

add  about  Js  hr.  to  the  value  of  t   as  dcdermined  from  (9-1). 

For  an  allowable  str{\ss  of  (>,000  11).  per  scp  in.  and  an  assuimHl 

maximum  crdinder  pressure  of  500  lb.  per  sc^.  in.,  the  cylinder  wall 
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thickness  for  cast  iron  can  be 

t   =   0.0416  X   D   +   0-125  (9-3) 

where  D   =   cylinder  diameter,  in. 

This  agrees  fairly  -well  with  the  recommendations  of  Huebotter^ 

and  Heldt^  for  automotive  engines. 

For  air-cooled  cast-iron  cylinders,  both  inside  and  outside 

surfaces  can  be  machined,  and  an  allowance  for  eccentricity 

need  not  be  made.  In  addition,  the  cooling  fins  act  as  stiffener 

ribs,  and  t   may  be  reduced  somewhat  to  save  weight.  However, 

caution  should  be  exercised  as  the  longitudinal  stress  is  not 

affected  by  the  ribs,  and  due  to  the  relatively  small  radii  of 

jfillets  between  the  cooling  fins^  high  local  stresses  may  be  set  up. 

For  steel  cylinder  barrels,  allowable  stresses  of  12,000  to 

20,000  lb.  per  sq.  in.  may  be  used,  depending  upon  the  quality 
of  the  steel. 

Cylinders  are  usually  attached  to  the  crankcase  by  means  of 

hold-down  studs  which  should  be  sufficient  in  number  to  dis- 

tribute the  stress  in  the  cylinder  flange  and  in  the  metal  of  the 

crankcase.  S.A.E.  coarse  series  threads^  should  be  used  for 

studs  that  are  to  be  fitted  into  aluminum-alloy  crankcases.  The 

effective  length  of  the  threads  in  the  soft  metal  should  be  two 

to  three  times  the  diameter  of  the  stud.  Some  manufacturers 

use  a   reduced  diameter  of  the  stud  (equal  to  or  slightly  less  than 

the  root  diameter  of  the  threaded  portions)  so  that  any  mis- 

alignment or  lack  of  parallelism  will  not  cause  a   concentration  of 

stress  at  the  surface  of  the  aluminum  adjacent  to  the  edge  of  the 

stud  hole.  Also  this  shifts  the  bolt  stretch'^  away  from  the 
threads.  Ground  threads  are  also  used  to  increase  accuracy 

and  thereby  reduce  the  possibility  of  part  of  the  threads  carrying 

all  the  load.  The  threads  are  ground  after  hardening. 

Safe  loads  on  studs  and  bolts  are  given  in  Table  9-1.  The 

critical  force  tending  to  pull  the  cylinder  off  the  crankcase  is 

equal  to  the  maximum  gas  pressure  times  the  piston  area.  This 

force  is  also  equal  to  the  force  tending  to  pull  the  cylinder  head 

away  from  the  barrel.  For  very  high  maximum  cylinder  pres- 

sures, as  in  Diesels,  the  force  tending  to  pull  the  cylinders 

away  from  the  crankcase  may  be  sufficient  to  require  an  excessive 

number  and  size  of  studs  and  a   rather  massive  supporting  boss 

in  the  crankcase  or  the  use  of  a   stronger  crankcase  metal.  To 
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permit  the  use  of  a   very  light  crankcavse,  the  Paekaril  Diesel 
used  steel  hoops  around  the  crankcase  on  either  side  of  the 

cylinders.  In  place,  these  hoops  fitted  over  flanges  at- the  base 
of  the  cylinders,  and  they  were  tightened  until  the  crankcase 

was  under  considerable  initial  compression.  This  method  of 

holding  cjdinders  to  the  crankcase  would  not  ordinarily  be 

necessary  in  gasoline  engines. 

When  the  head  is  bolted  to  the  barrel,  bolt  selection  is  much 

the  same  as  for  the  hold-down  studs.  .   For  screwed  and  shrunk 

heads,  a   sufficient  number  of  threads  should  be  used  to  ensure 

adequate  resistance  to  shear  of  the  weaker  metal. 

Cooling  fins  on  steel  cylinder  barrels  are  usually  machined 

into  the  steel  forging.  These  fins  serve  primarily-  to  conduct 

away  excess  heat,  but  they  also  serve  to  strengthen  and  increase 

the  rigidity  of  the  barrel. 

Table  9-1. — Safe  Loads  porS.A.E.  Coarse  (N.C.)  Thread  Series  Bolts* 

Nominal  bolt 

diameter,  in. 

Number  of 
threads  per 

inch 

Ultimate  strength,  lb.  per  sq.  in. 

65,000  (carbon 
or  nickel  steel ) 

80,000  (nickel 
steel) 95,000  (nickel 

steel  heat- 
treated) 

.   20 

186 229 
272 

18 

322 

396 
470 

16 488 

601 714 Ke 14 675  i 830 9S6 13 

915 1,125 1   ,340 

Ke 
12 1,186 1,460 

1   ,730 As 11 
1 ,480 1,S20 

2,170 
10 

2,240 2,760 3,280 9 
3,140 3,860 

4,580 

1 8 
4,120 5 , 060 6,010 

From  Marks:  “Mechanical  Engineers’  Handbook.” 

*   For  aircraft-quality  steels  under  steady  loads  where  fatique  is  n
ot  critical  or  where  the 

uncertainty  of  uniform  load  distribution  is  not  a   factor,  these  allo
wable  loads  may  be  safely 

doubled  or  possibly  even  tripled. 

To  prevent  rapid  wear,  cylinder  walls  are  usually  hardened, 

and  frequently  the  rubbing  surfaces  of  pistons  are  made  more 

wear  resistant  by  anodic  treatment,  i.e.,  chemically  changing 

the  surface  to  a   harder  compound.  These  processes  reduce  the 
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rate  of  wear,  but  the  principal  cause  of  initial  w^ear  remains.  To 

get  at  this  cause  of  wear,  it  is  necessary  to  consider  briefly  the 

usual  methods  of  finishing  metal  surfaces.  In  cutting  with  a   tool 

(Fig.  9-2Jl)  the  metal  at  the  point  of  separation  P   is  torn  loose 

because  the  point  of  the  tool  is  too  blunt  to  reach  the  bottom 

of  the  separating  space.  This  process  generates  much  heat,  and 

as  the  cutting  oil  does  not  effectively  penetrate  this  space,  most 

of  the  heat  is  absorbed  by  the  metal.  When  the  rate  of  cutting 

A   nnectled  'mefatl. 

innnnSix 
'   Temper- 1   me'  -Hotrd 

mefctl 

"Low  pressure** hone 
Vfscou 

liquid 
CO 

(D) 

P/sfon Lubricanf 

Cylinder  wall 
(E) 

Pisfon 

Cylinder  wall 

(F) 
Fig.  9-2. — Types  of  bearing  finishes:  (A)  tearing  action  of  a   cutting  tool;  (B) 

rough  surface  from  conventional  cutting  or  grinding;  (C)  effect  of  tearing  action; 

(jD)  principle  of  the  “superfinish’’  process;  {B)  conventional  bearing;  (F)  “   super- 

ffnished”  bearing.  [Sections  (C)  (Z>)  (F)  and  (F)  greatly  enlarged.] 

is  sufiB-cient,  the  thin  sections  between  the  grooves  made  by  the 

tool  point  (Fig.  9-23  and  C)  will  be  annealed  and  softened. 

Subsequent  casehardening  will  restore  the  temper,  but  the  final 

finish  grinding  usually  produces  a   recurrence  of  the  annealing, 

for  the  cutting  grains  of  the  stone  tear  and  heat  the  metal  in 

much  the  same  way  as  does  the  tool.  Thus,  by  the  conventional 

methods  of  finishing,  bearing  surfaces  are  far  from  smooth  and  if 

highly  magnified  would  appear  in  section  much  the  same  as 

Fig.  9-2C  and  E. 

In  operation,  a   bearing  such  as  Fig.  9-2E  would  be  satisfactory 

as  long  as  the  viscosity  of  the  lubricant  was  sufficient  to  prevent 
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contact  of  the  high  points  on  the  surfaces,  but  under  the  high 

load  and  temperature  conditions  encountered  in  aircraft  engines, 

this  ideal  condition  is  unlikely  to  long  exist.  Once  metallic 

contact  occurs,  the  greatly  increased  friction  and  resulting  heat 

thins  the  lubricant  so  that  further  metallic  contact  follows 

rapidly.  The  result  is  either  fusion  of  the  metal  and  failure,  or 

if  the  process  is  deliberate  and  less  severe,  i.e.,  the  so-called 

running  in’’  of  a   new  engine,  the  high  points  will  be  gradually 
removed.  Unfortunately,  in  this  latter  case,  the  clearance  will 

be  increased,  with  resulting  greater  troubles  from  oil  pumping, 

tendency  to  blow  by,  etc. 

By  removing  the  high  points  of  the  bearing  surface  (Fig.  9-2D), 

the  possibility  of  metal-to-metal  contact  will  be  very  much 

reduced,  the  running  in  time  will  be  lessened  or  eliminated,  and 

proper  clearance  will  be  maintained  much  longer.  With  con- 

ventional finishing,  this  smoothing  is  difficult  because  as  the 

hone  removes  the  high  points  it  also  digs  deeper  into  the  base 

metal  to  form  new  scratches.  To  get  around  this  tendency  to 

form  new  scratches,  a   new  process  of  finishing  (called  super- 

finish as  developed  by  the  Chr^^sler  Corporation)  uses  a   very 
light  pressure  on  the  hone  and  a   liquid  of  suitable  viscosity, 

which  allows  the  cutting  edges  of  the  hone  to  reach  the  high 

points  and  remove  them  but  prevents  the  cutting  edges  from 

digging  into  the  base  metal  and  forming  new  scratches.  Thus, 

the  annealed  high  points  are  removed  to  form  an  exceedingly 

smooth  surface  having  a   hardness  practically  equal  to  the  original 

case  value.  Such  finishing  greatly  reduces  the  possibility  of 

metal-to-metal  contact,  and  even  if  it  does  occur,  wear  will  be 

less  rapid  because  the  area  of  contact  wdll  be  much  greater. 

9-5.  Cooling  Fins  and  Baffles- — To  prevent  an  excessive 

temperature  rise  in  the  c\dinder  with  resulting  troubles  from 

detonation,  structural  failure  of  working  parts,  etc.,  it  is  necessary 

to  provide  a   good  thermal  path  for  heat  flow  from  the  combustion 

chamber  to  the  cooling  medium.  For  direct  air-cooled  engines,* 
this  necessitates  the  use  of  fins  on  the  head  and  around  the  upper 

part  of  the  barrel.  The  transfer  of  heat  from  the  cylinder 

to  the  cooling  air  consists  of  conduction  of  the  heat  through  the 

fins  to  the  fin  surfaces  and  of  the  convection  of  the  heat  from 

the  fin  surfaces  to  the  cooling  air.  For  constant  temperature 

*   A   discussion  on  liquid  cooling  is  to  be  found  in  reference  15. 
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conditions,  the  heat  removed  from  the  head  and  barrel  must  be 

equal  to  the  heat  absorbed. 

The  rate  at  which  heat  is  given  up  to  the  air  may  be  expressed^ 

for  the  cylinder  head  as 

H   =   CLhUh(th  —   ta)  (9-4) 

and  for  the  cylinder  barrel  as 

H   =   aMbCU  -   (9-5) 

where  H   is  in  B.t.u.  per  hr, 

ah  and  at  =   respective  base  areas  of  the  head  and  barrel  covered 

by  cooling  fins,  sq.  in. 

Uh  and  Uh  =   respective  over-all  heat  transfer  coefficients  for  the 

head  and  barrel  in  B.t.u.  per  hr.  per  sq.  in.  of  (head  • 

or  barrel)  base  area  per  deg.  F.  difference  between 

the  average  (head  or  barrel)  temperature  and  the 

cooling  air. 

th  and  tb  =   respective  average  temperatures  of  the  head  and 

barrel,  deg.  F. 

ta  =   temperature  of  the  cooling  air,  deg.  F. 

The  desirability  of  having  a   high  over-all  heat  transfer  coefficient 

is  apparent. 

Biermann  and  PinkeP  have  shown  that  the  over-all  heat 

transfer  coefiSicient  may  be  expressed  as 

^   =   S-f-Tla  ^JtaiihaTF'+.S.|  (9-6) 

where  U   is  as  in  Eqs.  (9-4)  and  (9-5). 

q   =   surface  heat  transfer  coefficient,  B.t.u.  per  sq.  in. 

total  surface  area  per  hr.  per  deg.  F.  temperature 

difference  between  the  surface  and  the  entering 

cooling  air. 

T   =   average  fin  thickness,  in. 

S   =   average  space  between  fins,  in. 
W   =   fin  width,  in. 

W'  =   W   the  effective  fin  width. 

Tt  =   fin-tip  thickness,  in. 

Rb  =   radius  from  the  center  of  the  cylinder  to  the  fin  root, 
m. 
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a   = 

Ki  —   thermal  conductivity  of  the  metal,  B.t.u.  per  sq.  in. 
per  deg.  F.  through  1   in.  per  hr.  {K  =   2.17  for 
steel  and  7.66  for  ^ 

aluminum  Y   alloy). 

Bh  —   distance  between 

adj  acent  fin  surfaces 

at  the  fin  root,  in. 

The  relation  of  the  various  fin 

dimensions  is  shown  in  Fig.  9-3. 

The  surface  heat-transfer 

coefficient^  g   of  a   body  is  a 

function  of  the  gas  velocity, 

density,  conductivity,  viscosity,  specific  heat,  and  dimensions  of 

the  body.  These  factors  may  be  expressed  by  the  relation 

P^3-hT 

Pig.  9-3. — Fin  iionienclature : 
T   —   thickness 

/S  =   space 

P   —   pitch =   width 

Ri,  =   fin  root  radius 

=   CppV  X   / ^1,  rz, (9-7) 

where  Cp 

P 

V 

M 

s 

pVS 

=   specific  heat  at  constant  pressure. 

=   gas  density. 

=   gas  velocity, 

=   gas  viscosity. 

=   characteristic  dimension. 

=   Reynolds  number. 

=   Prandtl  number. 

Tij  7'2j  etc.,  =   dimensionless  ratios  of  other  important  dimensions 
of  the  body  to  aS. 

and  /   is  read  ̂ 'function  of.’' 

Experimental  studies®  hy  the  NACA  to  determine  the  effect 

of  these  various  factors  on  q   for  finned  cylinders  indicate  that  the 

surface  heat-transfer  coefficient  is  principally  affected  by  the  fin 

spacing  and  air  velocity.*  Figure  9-4  shows  results  of  these  tests. 

Cross  plotting  against  velocity  at  constant  fin  spacing  showed  q 

to  vary  about  as  the  0.796  power  of  the  vclocity. 

found  that  a   steel  surface  gave  10  per  cent  greater  heat 

dissipation  than  ahuninuin  and  a   coating  of  stove  enamel  increasetl  the 

heat  dissipation  from  cast  aluminum  6ns  about  10  per  cent. 
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The  values  of  q   in  Fig.  9^4  apply  only  to  a   cylinder  of  4,66-in. 

diameter  and  atmospheric  conditions  of  29.92  in.  Hg.  and  80'^F. 

However,  by  use  of  the  theory  of  similitude  it  can  be  shown® 

that  the  data  may  be  applied  to  other  sizes  of  cylinders  and  other 

atmospheric  conditions.  Thus,  if  we  let 

J   - 

Dt 

(9-8) 

where  =   outer  cylinder  wall  diameter  in  inches  for  the 

cylinder  under  investigation. 

2)y  =   outer  cylinder  .   wall  diameter  in  inches '   for  the 
cylinder  upon  which  Fig.  9~4  is  based  (=  4.66  in.), 

and  relate  the  other  dimensions  and  the  velocities  by 

Ht  — 

0.3 

S.  0.2 

k   0.1 

0.08 

^0.06 
g.0.05 

0.03 

0.01  L_ 0.03 

J 
Tt  = 

J 

40 

\30\-\ 

S/odg^0.372\ 

0.3  0.4  03 0.05  .   0.1  0.15  0.2 
Average  fin  space,  S ,   in . 

Fig.  9-4. — Variation  of  average  q 
with  fin  sj^acing.  {From  NACA  Tech. 
Kept.  488.) 

may  now  be  found  from  the 

Vt  =   JV^  (9-9) 

where  T   ==  fin  thickness,  in. 

TF  ==  fin  width,  in. 

S   =   fin  spacing,  in. 
V   =   velocity, 

and  the  subscripts  correspond 

to  the  subscripts  for  the  diam- 

eters, the  two  cylinders  may  be 

regarded  as  dimensionally  sim- 

ilar.® The  cylinder  of  diameter 

Dx  may  now  be  converted  to  an 

equivalent  cylinder  of  diameter 

Dt,  and  by  making  the  con- 
version for  the  other  factors 

[Eq.  (9-9)],  Fig.  9-4  may  be 
entered  to  find  Qt-  The  surface 

heat-t  r   a   n   s   f   e   r   coefficient 

relation® 

The  effect  of  altitude  may  be  corrected  by® 

0.0734 

(9-iO) 

(9-11) 
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where  Va  =   velocity  at  altitude, 'ni.p.h. 

p   =   weight  density  at  altitude,  lb.  per  cii.  ft. 

Vs  =   equivalent  velocity  at  sea  level  {i.e.,  corresponding 
to  Pig.  9-4),  m.p.h. 

—           JI.X1C  veiuciity  past  tlie  cylinder  (which  corresponds 

to  velocity  of  best  climb)  is  60  m.p.h.,  and  atmospheric  conditions  are 
standard. 

Solution. — Assuming  a   cylinder  wall  thickness  of  3   ̂̂  in.,  and  using  the 
symbols  of  Eqs.  (9-8)  and  (9-9), 

X   0.125 
4.66 

0.25  -   0.0625 

1 

_   4^ 

“   4.66 

0.206  in. 

0.91 

Fj-  =   60  X   0.91  54.5  m.p.h. 

From  Fig.  9-4,  qr  =   0.07,  and  from  Eq.  (9-10),  •— 

0.07 

0.91 

0.077  B.t.ii./(sq.  in.) (deg.  F.)(hr.) 

Exam'ple  2. — Determine  the  over-all  heat  transfer  coefficient  l\  if  the 
cylinder  barrel  in  E.xample  1   is  of  steel,  and  the  fins  are  rectangular  in  cross 

section. 

J.O 

0.S N0.6 

-C 

Moa, 
0.2 
o'*: 

0.4  0.8  IZ 

Fig.  9-5. — Values  of  tanh  Z. 

J   I   !   1   I   !   !   !   I 
1.6  2-0  2.4  2.8  3.2 

H 
KT 

(Fro7n  NACA  Tech.  Kept.  4SS.) 

Solution. — From  Example  1,  ̂    =   0.077,  T   =   0.0625  in.  (=  Tt  for  rec- 

tangular fins),  S   =   0.1875  in.  (   =   Sb  for  rectangular  fiiisi,  IT  =   0.7  in. 

(   =   IF'  for  rectangular  fins).  For  steel,  K   —   2.17, 

2   X   0.077 
2.17  X   0.0625 

1.067, 

2Rb  =   4.25  in. 

Substituting  these  values  in  Eq.  (9-6), 

0.077 

U   = 

IJ 

0.1875  +   0.0625 

=   0.308(2.185  tanh  0.745  -f  0.1875) [li  X   0-7+0.1875 
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From  Fig-  9-5,  tanh  0.745  —   0.64 

U   =   0.308(2.185  X   0.64  4-  0- 1875) 
U   =   0.495  B.t-U-/(hr.)(sq.  in.) (deg.  F.)  difference 

Example  3.— Determine  the  over-all  heat-transfer  coefficient  for  the 
aluminum  Y   alloy  head  fins  of  the  cylinder  in  Example  1   for  an  average 

fin  width  of  1   in.,  a   pitch  of  0,38  in.,  and  an  average  fin  thickness  of  0.1  in. 

Assume  that  the  fin-tip  thickness  is  0.08  in.  and  the  fin-root  thickness  is 

0.12  in.  Assume  an  average  head  thickness  of  0.375  in. 

Solution. — The  data  of  Fig.  9-4  are  based  on  cylinder  barrels,  but  it  may 

be  assumed  that  the  air-fiow  characteristics  around  the  head  approximate 

the  conditions  of  the  barrel;  hence 

Vj 

4.66 

0.38  -   0.1 
1.02 

=   60  X   1.02,* 

=   0.274  in. 

61  m.p.h. 

From  Fig.  9-4,  qt  =   0.09,  and  from  Eq.  (9-10), 

=   0.0882  B.t.u./(sq.  in.)  (deg.  F.)  (hr.) 

For  the  over-all  heat-transfer  coefficient,  g   =   0.0882,  F   =   0.1  in.,  =   0.08 

in.,  S   =   0.28  in.,  Sb  —   0.26  in.,  W   —   1   in.,  W'  =   1-1-  =   1.04  in., 

/2  yc  o~
 

2Rb  =   4.75  in.,  for  aluminum  Y   alloy  K   —   7.66,  a   \~7lQQ  0.48 

Substituting  these  values  in  Eq.  (9-6), 

h[^8  o-H 
.   U   «   0.232[(5.04  X   tanh  0.5)  -}-  0.26] 

From  Fig.  9-5,  tanh  0.5  =   0.475 

U   —   0.615  B.t.u-/(hr.)  (sq.  in.)  (deg.  P.)  difference 

PinkeP  has  shown  that  for  a   Pratt  and  Whitney  1340-H 

cylinder,  the  relation  among  the  average  cylinder  barrel  and  head 

temperatures,  the  indicated  horsepower,  and  the  over-all  heat- 

transfer  coefihcient  may  be  expressed  as  in  Fig.  9-6.  These 

curves  are  based  on  data  from  one  size  and  design  of  cylinder,  but 

they  serve  to  show  the  approximate  temperatures  of  other  sizes 

of  reasonably  similar  cylinders. 

Example  4. — Determine  the  approximate  cylinder  wall  and  head  temper- 
atures for  the  cylinder  in  Examples  1,  2,  and  3,  if  the  engine  is  a   five-cylinder 

radial  rated  at  70  b.hp. 
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Solution.  From  Fig.  Al-2,  the  mechanical  ethcieucy  will  be  about  S5  per 
cent,  hence  the  indicated  horsepower  per  cylinder  will  be 

For  the  cylinder  wall. 

70 
0.85  X   5 

0.495 

16.50-^^ 
From  Figure  9-6,  the  approximate  average  cylinder-barrel  temperature  is 
325°F. 
For  the  cylinder  head, 

    U   _   0.615 

i.hp.o-s^  ~   16.5®*®^ 

From  Fig.  9-6,  the  approximate  average  cylinder-head  temperature  is  355°F. 
Example  5.  Determine  for  the  engine  of  the  preceding  four  examples  the 

portion  of  the  heat  supplied  which 

is  removed  by  the  cooling  fins. 

Air  temperature  80 °F.,  number  of 
cooling  fins  on  the  cylinder  bar- 

rel ~   20. 

Solution. — The  area  of  the  barrel 

covered  by  cooling  fins  is 

ai  =   20  X   0.25  X   tt  X   4.25 

=   66.7  sq.  in. 

The  heat  removed  per  hour  through 

the  barrel  fins  is  [from  Eq.  (9-5)] 

Hb  -   66.7  X   0.495(325  -   80) 
=   8,100  B.t.u.  per  hr. 

The  area  of  the  head  covered  by 

cooling  fins  is  somewhat  irregular 

and  the  effective  area  is  uncertain 

due  to  the  complicated  heat  flow 

around  the  valves.  However,  the 

area  may  be  approximated  by  as- 

suming that 

to  15  20  30  40  50  60  70 

Temperature,  deg.  Fx.  10"^ 
Fig.  9-6. — Approximate  relation  be- 

tween cylinder-barrel  and -head  temper- 
atures, indicated  horsepower,  and  the 

Ohi  __  ah2 

Obi  Ob'l 
/Q  i9\  ov'er-all  heat-transfer  coefficient.  {From 2^  AC  A   Tech.  Kept.  4SS.) 

where  Ohi  and  Obi  are  the  respective  base  areas  of  the  head  and  barrel  of  the 

cylinder  under  consideration.  Ohi  and  at.t  are  the  respective  base  areas  of  the 

head  and  barrel  of  a   similar  cylinder  that  has  been  measured. 

According  to  Pinkel,^  the  Pratt  and  Whitiuw  1340-H  cylinder  has  a   base 

area  of  barrel  covered  liv  fins  of  n/,2  —   68.7  sq.  in.,  and  a   base  area  of  heat! 

of  Ohz  =   142  sq.  in.  Hence,  if  we  assume  that  tlie  cylinder  under  considera- 
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tion  is  similar  to  the  Pratt  and  \^liitney  1340-H  cylinder,  the  base  area  of 

the  head  may  be  taken  as 

66.7  X   142 

68.7 
138  sq.  in. 

When  possible,  of  course,  it  is  much  more  advisable  actually  to  measure  the 

areas  for  the  cylinder  under  consideration. 

The  heat  removed  per  hour  through  the  head  fins  is  [From  (Eq.  9-4)] 

Hk  --  138  X   0.615(355  —   80)  -   23,400  B.t.u.  per  hr. 

At  rated  load,  an  engine  of  this  power  should  have  a   brake  thermal 

efficiency  of  at  least  25  per  cent.  Hence,  the  heat  supplied  per  cylinder  per 

hour  is 

142,300  B.t.u.  per  hr. 

The,  percentage  of  the  heat  supplied  that  passes  out  through  the  cooling 

fins  is 

8,100  4-  23,400 — i   :   1     =   or 

142,300 

According  to  Swan, for  adequate  cooling,  the  heat  dissipated 

from  the  cooling  fins  should  be  about  equal  to  50  to  60  per  cent 

of  the  heat  equivalent  of  the  brake  horsepower.  On  this  basis, 

for  adequate  cooling  of  the  engine  in  Example  5,  it  would  be 

necessary  for  the  fins  to  dissipate  not  more  than 

2,545  X   70  X   0.6 
=   ’24,378  B.t.u.  per  cyl.  per  hr. 

Since  the  fins  are  capable  of  dissipating 

8,100  +   23,400  =   31,500  B.t.u.  per  cyl.  per  hr. 

under  the  assumed  conditions,  it  is  evident  that  the  assumed  fin 

dimensions  are  easily  adequate. 

As  the  specific  power  output  of  an  engine  is  increased  by  super- 

charging, a   limit  is  quickly  reached  at  which  ordinary  methods 

of  air  cooling  are  inadequate.  To  extend  this  limit,  controlled 

cooling  by  means  of  deflectors  or  baffles  is  used.  These  baffles 

are  designed  to  deflect  the  air  into  the  fin  spaces  where  it  would 

not  flow  normally,  such  as  the  downstream  or  rear  side  of  the 

cylinders.  The  effect  of  a   well-designed  close-fitting  baffle  in 

reducing  cylinder  temperature,  particularly  at  the  rear  side 

of  the  cylinder,  is  shown  in  Fig.  9-7. 
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The  NACA  has  investigated  the  effect  of  several  types  of 

bafl3.es  and  deflectors  on  temperature  reduction  and  heat  trans- 

fer,'^ and  the  findings  indicate  that  the  surface  coefficient  q   is 
increased  about  30  per  cent  by  the  use  of  a   good  shell  baffle.  The 

shape  of  the  baffle  is  also  of  importance,  the  conclusions  being 

that  (a)  the  shell  should  fit  tightly  around  the  ends  of  the  fins, 

(fc)  the  entrance  angle  (a  in  Fig.  9-7)  should  be  about  145  deg., 

(c)  the  rearward  extension  of  the  baffle  behind  the  cylinder  should 

DfrecHon 

of  at  r   fiow 

I 
320 

300 

280 

260 

240 

220  200  IBO  160  f40 

!Fig.  9-7. — Temperature  distribution,  around  a   finned  cylinder:  (JL)  •with  shell 
baffle;  {B)  without  baffles.  {From  S.A.JE.  Jour,,  VoL  35,  *Vo.  4.) 

be  about  3   in.,  and  (d)  the  ratio  of  exit  area  to  free-flow  area 

between  the  fins  should  be  between  1.6  and  2.3.  It  was  also 

observed  that  both  with  and  without  baffies  the  surface  heat- 

transfer  coefficient  q   varied  as  the  0.85  power  of  the  air  speed. 

This  is  slightly  greater  than  the  0.796  reported  in  reference  6, 

To  force  the  cooling  air  between  the  fins  and  through  the 

baffles,  it  is  necessary  to  provide  a   pressure  drop  or  difference  in 

pressure  between  the  inlet  and  exit  sides.  This  available 

pressure  drop  can  be  provided  by  suitable  engine  cowling  such 

as  the  NACA  or  equivalent  cowling.  The  quantity  of  air  that 

must  be  forced  between  the  fins  is  dependent  upon  the  specific 
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weight,  specific  heat,  and  temperature  rise  of  the  air,  or 

Q   - 

3,600^^?cp(^o  —   ti) 

(9-13) 

where  Q   —   flow,  cu.  ft.  per  sec. 
H   =   heat  to  cooling,  B.t.u.  per  hr.  [corresponding  to  the 

H   in  Eqs.  (9-4)  and  (9-5)]. 
w   =   specific  weight  of  the  air,  lb.  per  cu.  ft. 

Cp  =   specific  heat  of  the  air  =   0.24  B.t.u.  per  lb. 
to  =   outlet  air  temperature  at  the  baffle  exit,  deg.  F. 

ti  =   inlet  air  temperature  =   atmospheric  temperature, 
deg.  F. 

Since  the  temperature  rise  (4  —   4)  is  relatively  small,  Q   will 
have  to  be  quite  large,  but  since 

Q   =   AV  =   CA  V2^  (9-14) 

vhere  ̂ 4  =   cross-sectional  area  of  the  space  between  the  fins, 

sq.  ft. 

V   —   mean  velocity  of  the  air  between  the  fins,  ft.  per  sec. 
C   —   2l  coefficient  relating  theoretical  and  actual  velocity. 

'   g   —   acceleration  of  gravity,  ft.  per  sec.^ 

h   =   head  or  pressure  drop  causing  flow,  feet  of  air,  and 
since  air  drag  is  proportional  to  h,  it  is  apparent  that  increase 

in  heat  transfer  by  increasing  the  velocity  will  be  at  the  expense 

of  a   rapid  increase  in  drag  of  the  engine.  The  air-drag  horse- 

power necessary  to  provide  the  necessary  Q   may  be  expressed  as 

where  Q   —   airflow  between  the  fins,  cu.  ft.  per  sec. 
Pd  =   pressure  drop,  lb.  per  sq.  ft. 

But  Pd  =   hw  where  w   is  the  specific  weight  of  the  air,  lb.  per 
cu.  ft. 

Therefore, 

550 

9-16) 

where  C'  =   C   X   and  the  other  symbols  are  the  same  as  in 
the  preceding  equations. 

From  this,  it  is  evident  that  it  is  more  economical  from  a   power- 
loss  standpoint  to  increase  the  heat  transfer  by  increasing  the  area 
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A,  and.  this  may  be  best  attained  b\’'  increasing  tlie  width  of  the 
fins.  Unf oi tunately ,   manufacturing  limitations  have  prevented 
the  use  of  cast  fins  having  a   width  much  greater  than  about 
1.5  to  2.0  in.,  a   thickness  less  than  about  ^   in.,  and  a   space 

400, — Front 

plug  goisket 

Rear 

•g  g-320> 
i:=  (D 

2801 

, 

aa  t'240i 

200 
8   12  16 

Baffle  pressure  drop,  in.  of  water 

Tig,  9-8.--Effect  of  turbulence  and  pressure  drop  on  cylinder-head  tempera- Wright  Cyclone  cylinder.  Curves  B   approximate  the  turbulence 
of  flight  conditions.  {From  Campbell,  CylLider  Cooling  and  Drag  of  Radial 
Mng%ne  Installatzons,  S.A.E..Jour.,  VoL  43,  No.  6,  December,  1938.) lOr 

9   i 

8 

Fig.  9-9.- 

120  125  130  135  140  . 
Indicoited  air  speed,  m.p.h. 

-Baffle  pressure  drops  for  diflerent  types  of  cowling  and  air  speeds. 
{From  S,A.E.  Jour.,  VoL  43,  No.  6.) 

between  fins  of  much  less  than  ̂ 32  in.,  and  even  these  dimensions 

are  attained  at  considerable  expense  and  foundry  troubles.  To 

attain  greater  heat  transfer  than  these  dimensions  will  permit 

at  present  necessitates  eitlier  increasing  the  pressure  drop  h,  by 

improved  cowling^^  or  for  extreme  cases  by  Idower  cooling,'^  or 
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increasing  the  effectiveness  of  heat  transfer,  i.e,^  controlling  the 

turbulence  of  the  air.^®  An  example  of  the  effect  of  turbulence 

and  pressure  drop  on  cylinder  temperature  is  shown  in  Fig. 

9-8.  For  recent  data  on  cowl  and  baffle  design  for  very  high- 

Bciffle  pressure  drop,  in.  of  wofter 

Fig.  9-10. — Effect  of  baj03e  pressure  drop  and  fin  spacing  on  surface  heat  transfer 
coefficient.  (.From  S.A.E,  Jour.,  Yol.  41,  No.  3.) 

performance  engines,  the  student  should  consult  references  8,  9, 
and  10. 

Attainable  pressure  di’o.ps  across  baffled  cylinders  vary  so 
widely  with  the  design  details  of  the  cowling  that  it  is  necessary 

to  know  in  detail  the  arrange- 

ment of  the  parts  of  the  cowling 

in  order  to  decide  just  what 

pressure  drop  can  be  obtained. 

Very  few  data  of  this  sort  are 

available,  but  reference  to  Fig. 

9-9  indicates  that  baffle  pressure 

drops  of  4   to  6   in,  of  water  at 
maximum 

of  water  at  climbing  speed  would 

be  reasonable  assumptions  for  engine-design  purposes.  The  effect 
of  pressure  drop  on  the  surface  heat  transfer  coefficient  is  shown 

in  Fig.  9-10-  These  data  are  based  on  a   cylinder  of  4.66  in. 
diameter  enclosed  in  a   special  type  of  baffle  designed  for  blower 

cooling  (Fig.  9-11).  However,  in  the  absence  of  more  complete 

Fig.  9-11. — Type  of  baffle  used  to 
determine  the  data  of  Fig.  9-10. 
(From  S.A.E.  Jour.,  Vol.  41,  No.  3.) 
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data,  they  may  be  approximately  applied  to  the  general  case  by 

use  of  Eqs.  (9-8),  (9-9),  (9-10),  and  (9-11). 

Example  6. — What  increase  in  the  proportion  of  iieat  to  cooling  could  be 
attained  for  the  engine  in  Example  o   if  the  cylinders  were  baffled  and  a 

baffle  pressure  drop  of  2   in.  of  water  was  available? 

Solution. — From  Example  1,  J   *=  0.91,  St  =   0.206  in.,  and 

VJ  =   54:.o  m.p.h. 

From  Fig.  9-10,  gy  =   0.151,  and  from  Eq.  (9-10), 

qx  ~   =   0.166  B.t.u./(sq.  in.)  (deg.  F.'Hhr.) 

For  the  over-all  heat  transfer  coefficient  of  the  cylinder  barrel. 

'2g  _   ̂ r~2  X   0.1 KT  V2.17  X   0.0625 

and 

0   160  f 7   \ 

“   0.1875  -f-D:06^  I   25)  ^ 
Ub  ̂    0.91  B.t.u./(hr.)  (sq.  in.)  (deg.  F.  difference) 

O.lSToj 

From  Example  3,  t/"  —   1.02,  St  —   0.274,  and  VJ  ==  61  m.p.h.  From 
Fig.  9-10,  qT  =   0.164,  and  from  Eq.  (9-10), 

qx  =   ==  0.161  B.t.u./(sq.  in.)  (deg.  F.)(hr.) 

For  the  over-all  heat  transfer  coefficient  for  the  cylinder  head, 

X   0.161 

X   0.1 

0.649 

and 

[oli9  (1  +   4:^)  0-6^9  X 
  +   0-26] 

IJh  =   1.042  B.t.u./(hr,)  (sq.  in.)  (deg.  F.  difference) 

For  the  cylinder  barrel, 

ir 
i.hp.'^®'

* 

0.91 

16.50-6^ 

0.1515 

From  Fig.  9-6,  the  approximate  average  cylinder-barrel  temperature  is 

240°F. 
For  the  cylinder  head, 

U   1.042 

From  Fig.  9-6,  the  approximate  average  cylinder-head  temperature  is  250^F. 
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The  heat  removed  per  hour  through  the  barrel  fins  is  [from  Eq.  (9-5)] 

Ih  =   66.7  X   0.91(240  -   80)  =   9,200  B.t.u.  per  hr. 

The  heat  removed  per  hour  through  the  head  fins  is  [from  Eq.  (9-4)] 

//a  =   138  X   1.042(250  ~   80)  =   24,450  B.t.u.  per  hr. 

The  percentage  of  the  heat  supplied  that  passes  out  through  the  cooling 
fins  is 

9-200  4-  24,450 
142.300 

0.2365,  or  23.65% 

The  increase  in  heat  to  cooling  is 

23.65  -   22.1  1.55% 

The  percentage  increase  is 

^   X   100  =
   7% 

Example  7. — Assuming  an  octane  number  such  that  the  cylinder  tem- 
peratures without  baflles,  i.e,y  U   =   325°P.  and  th  ==  355°F.  as  found  in 

Example  4,  are  satisfactory,  what  increase  in  indicated  horsepower  per  cylin- 
der would  be  possible  with  baffles  and  a   baffle  pressure  drop  of  2   in.  of  water. 

Solution. — For  the  cylinder  barrel,  for  =   325 ®F.  (from  Fig.  9-6), 

and  for  XJb  ==  0.91  (Example  6) 

■   .   ,   /   0.91  \   V 
(o.0825 ) 

For  the  cylinder  head  for  U   =   355°F.  (from  Fig.  9-6), 

and  for  Uh  —   1.042  (Example  6) 

■   1.042  \   1/0-64 
0.0127^ 

37.2 

The  limiting  part  is  the  cylinder  head,  and  for  th.  =   355 “F.,  the  percentage 
increase  in  horsepower  by  using  baffles  and  a   2-in.  pressure  drop  is 

37.2  -   16.5 
16.5 X   100  =   125% 

The  value  of  baffles  and  cowling  is  readily  apparent. 
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9-S,  Valve  Requirements  and  Materials, — During  operation, 
aircraft-engine  valves  are  subjected  to  or  must  withstand 

1.  Combustion  temperatures  ranging  up  to  3,000~F.  or  more. 

2.  Exhaust  temperatures  of  the  order  of  1.200  to  1.500~F. 
3.  Pressures  of  500  or  more  pounds  per  square  inch  without  leaking. 
4.  Rapid  hammering  of  the  valve  face  against  its  seat  and  of  the  tappet 

against  the  end  of  the  stem. 

5.  Wear  due  to  friction  in  the  valve  guides. 

6.  Corrosion  or  oxidation  by  various  constituents  in  the  charge  and  in  the 

products  of  combustion. 

To  meet  these  conditions  a   valve  must  have 

1.  A   high  strength  at  unusually  high  working  temperatures. 

2.  Maximum  resistance  to  distortion  or  warping. 

3.  Sufficient  hardness  and  resistance  to  impact  to  prevent  rapid  wear. 
4.  Resistance  to  corrosion  and  oxidation. 

5.  ISTo  tendency  to  air-harden  when  cooled  rapidly. 

These  requirements  are  difficult  to  meet  and  some  of  them  are 

conflicting.  Hence,  few  materials  are  entirely  satisfactory,  and 

valves,  especially  exhaust  valves,  have  long  been  regarded  as 
limitations  to  further  increases 

in  performance.  However, 

gradual  progress  in  design  de- 
tails, particularly  in  regard  to 

more  effective  cooling,  and  now 

developments  in  special  steels 

are  continually  pushing  back 
the  limitations.  Suitable  valve 

materials'^* are  S.A.E.  3140, 
chrome  nickel  steel,  silcrome 

steel,  and  colb  alt-chromium 

steel  (see  also  Tables  A 1-3  and 

A2-1 1) .   The  advantage  in  ph^^- 

sical  properties  of  austenitic 
steels  over  hardenable  steels 

for  exhaust  valves  at  high-per- 

formance operating  tempera- 

tures is  indicated  by  Fig.  9-12. 

Austenitic  steels  also  have  high  corrosion  resistance.  For 

severe  service,  Stellite-faced  seats,  specdal  hardening,  and 

internal  cooling  by  salts  or  sodium  may  be  used.  Salts  usually 
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used  are  lithium  and  potassium  nitrate.  These  salts  or  sodium, 

when  sealed  in  the  hollowed-out  stem  of  the  exhaust  valve,  melt 
at  operating  temperatures  and  are  thrown  back  and  forth  in  the 

space  due  to  the  reciprocating  motion  of  the  valve.  In  this  way, 

heat  is  mechanically  carried  fx’om  the  hot  head  of  the  valve  to  the 
relatively  cooler  stem  adjacent  to  the  valve  guide.  The  hollow 

stem  is  usually  filled  a   little  more  than  half  full  of  the  coolant. 

9-7.  Breathing  Capacity  and  Valve  Size. — The  area  of  a   valve 
head  exposed  to  the  combustion  gases  increases  as  the  square 

of  the  diameter,  but  the  area  through  which  heat  can  escape 

to  the  valve  seat  increases  only  as  the  first  power  of  the  diameter 

(for  a   given  seat  width).  Hence,  large  valves  are  more  difiS.cult 

to  cool.  Large  valves  are  also  heavier,  and  this  means  greater 

load  on  the  valve  gear  during  the  rapid  acceleration  of  opening 

Pig.  9-13. — (JL)  Conventional  conical-seated  valve.  (B)  Flat-seated  valve. 

and  on  the  valve  springs  during  closing.  However,  too  small  a* 
valve  tends  to  restrict  the  flow  of  charge  and  thereby  reduce  the 

volumetric  efficiency  and  poww  of  the  engine  (Fig.  9-15). 
Valve  size  is  also  limited  by  the  available  area  of  combustion- 

chamber  wall.  Multiple  valves,  i.e.,  two  intake  and  two  exhaust 

valves  per  cylinder,  permit  a   greater  area  of  opening  for  the 
charge  and  increase  the  ratio  of  area  of  valve  seats  to  head  but 

at  the  expense  of  increased  complexity  of  valve  gear  and  cylinder 
head.  At  present,  multiple  valves  are  used  principally  on  large 
liquid-cooled  engines.  Adequate  area  of  opening  is  obtained  in 
radial  engines  with,  one  intake  and  one  exhaust  valve  by  inclining 
the  valves  at  an  angle  to  the  cylinder  axis  (Fig.  9-1). 

Valve  seats  (Fig.  9-13)  may  be  flat,  f.e.,  normal  to  the  valve- 
stem  axis,  or  inclined  (conical),  the  latter  being  the  practice  in 
aircraft  engines.  Flat-seated  valves  give  a   somewhat  greater 
area  of  opening  for  a   given  valve  lift,  but  gas  in  passing  through 
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the  opening  has  to  make  two  approximately  90-deg.  turns  which 

tend  to  increase  the  turbulence  and  the  resistance  to  passage. 

Gas  in  passing  a   conical-seated  valve  can  assume  a   more  nearly 

streamlined  flow  \vith  resulting  less  friction.  Hence,  although 

the  conical-seated  valve  has  the  disadvantage  of  a   less  area  of 

opening  for  a   given  valve  lift,  it  is  generally  conceded  to  give 

higher  volumetric  efficiency  than  the  flat-seated  valve.  In 

addition,  the  conical  seat  helps  to  keep  the  valve  head  aligned 

with  the  stem.  Both  30-deg.  and  45-deg.  seats  are  used,  but  the 
latter  is  by  far  the  most  common. 

Theoretically,  the  area  of  opening  through  the  valve  seat 

should  be  about  the  same  as  the  minimum  net  area  of  the  port. 

For  the  flat-seated  valve  (Fig.  9-13),  the  area  through  the  seat  is 

(9-17; 

where  di  =   minimum  port  diameter,  in. 

h   ==  lift  of  the  valve,  in. 
The  area  of  the  port  is 

A.  =   0.7S5(di  -   dl) 

where  d2  =   diameter  of  the  valve  stem. 

Combining  Eqs.  (9-17)  and  (9-18),  the  lift  necessary  to 

pinching  the  flow  is 

___  ̂ 2^ 

Inlet  valve  stem  diameters  are  usually  about  25  per  cent 

valve  port  diameters. 

On  this  basis,  Eq.  (9-19)  becomes 

h d?  -   (0. (9-20) 

The  area  of  opening  through  a   conical-seated  valve  (wide  valve 

face)  is  the  lateral  area  of  the  frustum  of  a   right  circular  cone. 

Referring  to  Fig.  9-13  A,  the  diameters  of  the  frustum  of  the  cone 

are  di  and  ds  and  the  slant  height  is 

AIN  —   S   =   h   cos  a 

where  h   ==  lift,  in., 

(X  —   angle  of  the  valve  seat, 
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also 

ds  di  +   2MF  =   di  +   2S  sin  oi  -=  di  +   2h  cos  «   sin  a 

Since  the  lateral  area  of  the  frustum  of  a   right  circular  cone  is 

where  S   is  the  slant  height  and  di  and  ds  are  the  diameters  of  the 

bases,  the  area  of  opening  through  the  conical  valve  seat  may  be 

expressed  as 

.Acs  =   cos  cx.{di  +   h   cos  o;  sin  cx)  (9-21) 

For  the  most  commonly  used  conical  angle  of  o:  =   45  deg., 

Eq.  (9”21)  reduces  to 

Jlcs  =   +   2.22dih  (9-22) 

Equating  this  value  of  Acs  to  the  net  area  of  the  valve  port 

and  letting  d2  =   0.25di. 

+   2dih  ==  0.663d? 

From  which 

h   =   0.29di  (9-23) 

For  the  line  MN  (Fig.  9-13)  to  pass  through  the  valve  face 

with  this  amount  of  lift,  ̂ 4  would  have  to  be  considerably  less 

than  di.  If  d4  is  only  slightly  less  thaii  di  (the  usual  case),  the 

area  of  opening  will  approximate  the  lateral  area  of  a   frustum 

of  a   right  cone  plus  the  lateral  area  of  a   cylinder  of  diameter 

di,  f.e.,  the  lift  will  be  intermediate  between  that  for  a   conical 

seat  and  that  for  a   fiat-seated  valve.  For  very  narrow  valve 

seats,*  the  lift  for  a   conical-seated  valve  will  approach  that  for 

a   flat-seated  valve.  Hence,  for  minimum  restriction  to  flow, 

h   -   0.25di. 

*   Swan^®  suggests  the  following  exhaust  valve  seat  widths: 

Port  diameter,  in   
iH-m 

2-2)4 

2H-2H 

3-3  M 

Projected  seat  width,  in   Hi 

^A2 

942 

ya2 

See  also  Lichty,  Internal  Combustion  Engines,”  5th  ed.,  p.  309. 
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Lewis  and  ISTutting^^  have  found  that  velocities  through  the 
valve  opening  more  nearly  approach  the  theoretical  \'elocity 

"F  (   —   \/2gH)  when  the  lift  is  a   smaller  percentage  of  the  diameter 
of  the  valve  [   =   /   (diameter  valve  port)].  This  is  explained  as 

probably  being  due  to  the  ̂ ^jet  action’"  at  low  ratios  of  lift  to 
diameter.  Figure  9-14  shows  the  results  of  some  tests  on  flow 

through  poppet  valves.  In  these  results,  the  coefficie^it  of 
efflux  is  defined  as  the  ratio  of  the  observed  mean  velocitv 
through  the  valve  to  the  mean 

velocity  that  would  theoretically 

result  from  a   pressure  drop  equal  to 

that  across  the  valve.  Thus  valve 

lifts  somewhat  less  than  h   =   0.25di 

may  be  used  without  serious  impair- 

ment of  the  flow  Q   (==  AV),  because 

as  the  area  of  opening  through  the 

valve  is  decreased  by  decreasing 

the  lift,  the  coefficient  of  efflux  and 

hence  the  actual  velocity  is  in- 

creased. In  practice,  it  may  be  de- 

sirable to  make  the  lift  considerably 

less  than  h   =   0,25di  in  order  to  reduce  noise  and  acceleration 

forces  on  the  valve  gear. 

The  mean  velocity  of  the  gas  through  the  valve  port  may  be 

calculated  by  the  relation 

0   10  20  30  40.  50  60  70 

Lift,  per  cent  of  voifve  dkmeter 
Pig.  9-14. — Effect  of  valve  lift 

on  coefRcient  of  efflux.  {From 
.V-4C.,4  Tech.  Rept.  No.  24.) 

=   Vp  ,   (9-24) 

A-o 

where  =   mean  velocity  of  the  gas  through  the  valve  port, 

f   .p.s. 

Vp  =   mean  piston  speed,  f.p.s,  (=  2   X   stroke  in  feet 
X   r.p.s,). 

A-t,  —   net  area  of  the  valve  port,  sq.  in. 

Ap  —   area  of  the  piston,  sq.  in. 
Equation  (9-24)  is  a   convenient  way  of  relating  velocity  and 

valve  size,  but  it  does  not  take  into  account  the  effect  of  numer- 

ous factors  such  as  pressure  surging,  back  pressure  on  the  exhaust, 

effectiveness  of  scavenging,  compression  ratio,  and  supercharging. 

However,  a   knowledge  of  usual  mean  velocity  values  aids  in 

approximating  the  probable  valve  size  that  should  be  used. 
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Figure  9- 15  shows  the  elTect  of  gas  velocity  and  valve  size  on 

power  output  on  a   small  engine.  Usual  mean  gas  velocities 

through  inlet  valves  of  nonsupercharged  aircraft  engines  of 

conventional  design  and  corresponding  brake  mean  effective 

pressures  are  shown  in  Fig.  Al-8. 
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9--8.  Valve  Details. — Valves  are  usually  formed  from  steel 

rod  by  upsetting.  Flat-  and  spherical-head  mushroom  shapes 

may  be  used,  but  for  aircraft  engines,  concave  or  so-called  tulip 

heads  are  more  common  (Fig.  9-1).  This  dishing  of  the  head 

serves  to  lighten  the  valve  and  possibly  reduce  its  tendency  to 

warp.  However,  the  Inetal  should  be  sufficient  in  section  to 

provide  the  necessary  thermal  path  to  the  stem  and  to  provide 

sufficient  strength  against  any  tendency  for  the  spring  to  pull 

the  valve  into  the  port.  The  valve  should  not  appreciably 

overhang  the  seat,  as  the  thin  section  at  this  point  is  exposed  to 

the  hot  combustion  gases  on  three  sides  and  can  easily  be 
overheated. 

The  head  should  be  joined  to  the  stem  by  a   large-radius  fillet 

to  avoid  the  excessive  stress  incident  to  the  reentrant  corner 

as  well  as  to  provide  a   more  direct  path  for  heat  flow  to  the  stem. 

Screw-driver  slots  and  spanner  holes  for  valve-grinding  purposes 

are  objectionable  because  they  provide  added  area  for  heat 

absorption  and  act  as  obstructions  to  the  heat  flow  in  the  metal. 

A   rubber  suction  cup  on  the  valve-grinding  tool  eliminates  the 
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need  for  slots  and  spanner  holes  in  the  head.  In  general,  the 
shape  of  the  valve  head  should  be  such  that  it  will  a!  >sorh  the  least 

heat  both  from  the  gases  in  the  combustion  chamber  and  from 

the  feed  back  of  heat  from  the  gases  in  the  exhaust  pipe. 

^   hen  tulip-shaped  heads  are  used,  the  rim  of  the  head  should 

be  thick  enough  to  carry  the  heat  circumferentially  and  dissipate 

it  gradually  in  event  of  poor  seating  on  one  side.  Exposed  thin 

sections  should  be  avoided  as  they  are  apt  to  he  the  source  of 

fine  failure  cracks  following  overheating. 

Valve  stems  should  be  sufficiently  large  in  diameter  to  provide 

an  adequate  thermal  path  for  the  heat  that  is  transferred  to  the 

valve  guides*  A   valve-stem  diameter  of  about  one-fourth  the 

valve-port  diameter  fairly  well  represents  current  practice,  but 

in  high-powered  engines,  this  may  be  insufficient  to  prevent 

overheating  and  subsequent  elongation  of  the  stem.  A   larger 

diameter  of  valve  stem  tends  to  obstruct 

the  flow  of  gas  through  the  port,  and  the 

usual  alternative  is  to  use  a   hollow  stem 

filled  with  a   salt  or  metallic  sodium.  At 

operating  temperatures,  the  fused  salt  or 

metal  is  thrown  back  and  forth  in  the  stem 

and  transfers  the  heat  by  convection.  Salt- 

er sodium-cooled  valves  are  quite  eifective, 

but  they  are  more  expensive  than  solid-steel 

valves.  Hence,  they  are  generally  used  only 

in  the  more  critical  exhaust  valves  (Fig.  9-1). 

In  aircraft-engine  practice,  valve-spring 

retainers  are  usually  held  in  place  by  split 

taper  collars  which  fit  in  grooves  in  the  valve 

stem  (Fig.  9-1).  These  grooves  should  be 
shallow  and  have  fillets  in  reentrant  corners 

to  avoid  undue  stress  in  the  stem.  Even 

with  squared  ends,  valve  springs  seldom 

exert  the  same  pressure  at  all  points  around 

the  spring  retainer.  This  unequal  pressure 

unequal  di>rin^  pressure 

on  retainer  {P\  >   P-z). 
Excessive  wear  at  .4 1 

and  *4  ‘j.  Unequal 

valve  seating:  at  B\  au<i 

Bz  tends  t<.>  bend  stem 

tends  to  bend  the  valve  stem  and  cause 

binding  and  more  rapid  wear  of  the  stem 

or  impair  efficiency. 

(I>i:igrani  exaggeratedj 

and  guide  (Fig.  9-16).  Jardine  and  Jartline^-  suggest  the  use 

of  a   spherical  seat  between  the  valve-spring  retainer  and  the 

split  collar  as  a   means  of  controlling  this  trouble.  A   shallow 
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groove  for  a   snap  ring  is  sometimes  machined  in  the  valve  stem 

between  the  top  of  the  valve  guide;  and  the  valve-spring  retainer 

to  keep  the  valve  from  falling  into  the  cylinder  and  doing 

mechanical  damage  in  event  of  spring  breakage. 

Aluminum  alloys  used  for  cylinder  heads  are  not  suitable  for 

valve  seats,  and  usual  practice  is  to  use  inserts  of  cast  or  wrought 

aluminum  bronze*  (Par.  9-3).  Inserts  are  sometimes  cast  in 

place,  but  the  difficulty  of  holding  them  accurately  in  position 

during  casting  of  the  head  is  an  objection.  More  often  the 

inserts  are  screwed  and  shrunk  or  simply  shrunk  in  place  in  the 

finished  casting.  Regardless  of  the  method,  of  putting  them  in, 

it  is  highly  important  that  a   good  thermal  contact  be  had  at  ail 

times  between  the  inserts  and  the  surrounding  head  metal.  To 

ensure  this  condition,  the  difference  in  temperature  between 

the  head  and  insert  should  be  large  during  insertion  so  that 

difference  in  coefficient  of  expansion  of  the  two  metals  will 

not  cause  the  insert  to  get  loose  during  operation-  The  insert 

may  be  cooled  in  liquid  air  just  before  insertion  or  the  head  can 

be  heated.  Swan^®  recommends  a   head  temperature  of  320  to 

350°C.  for  insertion,  a   shidnkage  interference  of  0.0035  in.  per 

inch  diameter  of  the  insei’t,  and  an  insert  thickness  of  about 
0.4  in.  Too  thin  a   section  of  head  metal  around  the  insert  may 

result  in  distortion  and  partial  pulling  away  around  part  of  the- 

insert.  Poor  arrangement  of  fins  for  uniform  heat  flow  from 

the  insert  can  also  contribute  to  warping  and  poor  thermal 

contact.  Slight  peening  of  the  metal  around  the  insert  helps 

remove  the  possibility  of  ’the  insert  getting  loose  under  extremely 
adverse  conditions  and  doing  mechanical  damage. 

Aluminum-alloy  head  metals  are  also  not  suitable  for  valve 

guides  chiefly  because  of  poor  wearing  qualities.  Adequate 

and  effective  lubrication  between  valve  stems  and  guides  is 

difficult  to  attain,  and  to  reduce  wear,  hard  alloys  of  aluminum 

bronz.e  or  other  materials  (Par.  9-3)  are  usually  used.  Good 

thermal  contact  between  the  guide  and  head  metal  is  essential 

and  may  be  attained  b3^  shrink  fits,  but  the  desirability  of  being 

able  to  replace  worn  guides  makes  this  type  of  fit  objectionable. 

Guides  are  usually  held  in  place  by  means  of  a   shoulder  resting 

on  the  head  mbtal  and  forming  the  support  for  one  end  of  the 

valve  spring.  Valve  guides  should  not  extend  into  the  port 

*   Stellite-faced  steel  seats  are  frequently  used  for  extreme  service. 
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appreciably  beyond  the  head  metal  as  unequal  heating  and 

resulting  warpage  may  bind  the  valve  stem.  Split-valve  guides 

are  sometimes  used  to  permit  oversize  valve  tips  that  have  a 

greater  bearing  area.  Clearance  between  the  valve  guide  and 

valve  stem  should  be  small  to  minimize  leakage  of  gas  due  to 
difference  in  pressure  at  opposite  ends  of  the  guide. 

9-9.  The  Combtistion  Chamber. — Since  the  clearance  or 

combustion-chamber  volume  is  related  to  the  piston  displace- 
ment and  compression  ratio  by  the  expression 

the  volume  of  the  combustion  chamber  may  be  expressed  as 

Vn  Trd-S (9-25) 

where  Vc  =   combustion  chamber  volume,  cu.  in. 

Vd  =   piston  displacement,  cu.  in. 

CR  =   compression  ratio. 

d   =   cylinder  diameter,  in. 

S   =   stroke,  in. 

The  shape  of  the  combustion  chamber  has  much  to  do  with  the 

effectiveness  of  a   given  design,  and  in  automotive  engines,  recent 

practice  has  been  to  use  a   more  or  less  elongated  chamber  with 

the  part  farthest  from  the  spark  plug  flattened  to  produce  a 

narrow  space  between  the  piston  and  head  (Fig.  9-17F).  During 

burning,  the  charge  ignites  at  the  spark-plug  points  and  the 

flame  spreads  through  the  mixture  as  an  approximately  spherical 

front  of  rapidly  increasing  radius  proportional  to  the  flame  speed 

through  the  mixture.  The  flame  front  is  not  strictly  spherical 

owing  to  the  distorting  effect  of  turbulence  and  the  chilling 

of  the  part  of  the  charge  closest  to  the  combustion  chamber 

walls,  but  this  does  not  alter  the  basic  idea  of  combustion  conti'ol. 

At  the  beginning  of  combustion  (Fig.  9-18A),  the  mixture  is  at 

compression  pressure  and  temperature,  but  as  the  flame  spreads 

through  the  charge,  the  burning  portion  expands  and  compresses 

the  unburned  portion  ahead  of  the  advancing  flame  front  (Fig. 

9-18^).  Since  this  compression  is  very  rapid,  the  temperature 

of  the  unburned  portion  also  rises  rapidly,  and  if  it  I’eaches  its 

spontaneous  ignition  temperature  before  the  advancing  flame 
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can  reach  it  and  burn  it,  the  last  portion  of  the  charge  will  ignite 

spontaneously  with  a   resulting  very  rapid  liberation  of  heat. 

Tills  extremely  rapid  heat  liberation  produces  a   pressure  rise 

much  more  rapid  than  that  resulting  from  normal  combustion. 

This  is  the  usual  explanation  of  the  phenomenon  known  as 

A   B   C 

D   E   F 

Fig.  9-17. — Combustion-chamber  and  valve  arrangements. 

Fig.  9-18. — Basic  idea  of  combustion  in  gasoline-engine  cylinders  (see  text). 

detonation,  and  its  adverse  effect  on  bearings,  pistons,  valves,  and 

power  output  is  well  known. 

Chilling  the  last  portion  of  the  charge  helps  to  reduce  detona- 

tion by  reducing  the  rate  of  temperature  rise,  and  this  in  turn 

reduces  the  amount  of  charge  that  will  reach  its  spontaneous 

ignition  temperature.  Flattening  the  space  occupied  by  the 

last  portion  of  the  charge  (Fig.  9-1 7F)  increases  the  surface- 
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volume  ratio  of  this  part  of  the  combustion  chamber  and  thereby 

increases  heat  flow  from  this  part  of  the  mixture.  Close  proxim- 

ity of  the  relatively  cool  intake  valve  (Fig.  9-17C)  also  helps  to 

reduce  the  rate  of  temperature  rise  of  the  last  portion  of  the 

charge.  Thus,  an  elongated  combustion  chamber  is  desirable 

from  the  standpoint  of  controlling  detonation. 

Unfortunately^,  an  elongated  combustion  chamber  reduces  the 

area  of  flame  front  during  normal  combustion,  and  this  reduces 

the  rate  of  heat  liberation  and  pressure  rise.  Thus,  the  net  area 

Fig.  9-19. — Effect  of  combustion-chamber  shape  and  flairie-froiit  area  on  rate  of 
pressure  rise  and  maximum  pressure. 

of  the  indicator  card  is  reduced  (Fig.  9-19),  and  this  lowers  the 

specific  power  output  and  efficiency.  The  effect  of  combustion- 

chamber  shape  on  rate  of  pressure  rise  dP/dT  and  on  maximum 

pressure  (   oc  to  maximum  temperature)  is  shown  diagrammatically 

in  Fig.  9-20.  Case  C   of  this  figure  is  usually  conceded  to  be 

better  than  case  A   or  B   because  the  start  of  pressure  rise  is  less 

abrupt  than  case  A   {i.e.,  less  shock  and  roughness),  and  maximum 

pressure  (and  temperature)  is  not  so  high  as  in  case  B   (f.c.,  less 

tendency  to  detonate). 

A   compact  combustion  chamber  shape  (Fig.  9-1 VI)  will  permit  a 

greater  flame  front  area  and  therefore  is  desirable  for  high- 

performance  engines,  but  higher  octane  fuels  must  be  used  to 

offset  the  poorer  inherent  resistance  to  detonation.  Still  more 
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rapid  heat  liberation  is  possible  with  dual  ignition  (Fig.  9-19),  and 

the  gain  in  power  can  be  demonstrated  by  switching  from  one  to 

both  magnetos  in  flight. 

The  sphere  is  the  most  compact  geometric  shape,  but  for  a 

combustion  chamber,  this  would  require  a   concave  piston  head. 

A   spherical  segment  pei’mits  a   flat  piston  head,  and  aircraft- 
engine  combustion  chambers  approximating  this  shape  are 

extensively  used  (Fig.  9-1)  especially  in  engines  using  valves  set 

at  an  angle  to  the  cylinder  axis. 

T.ac. 

Fig.  9-20 - 

Tfme 

ABC 

-EHect  of  combustion-chamber  shape  and  filame-front  area  on  pressure 
variation  during  combustion. 

The  volume  of  a   spherical  segment  having  only  one  base  is 

tt/z 

■6" + (9-26) 

where  h   =   altitude  of  the  segment,  in. 

r2  =   radius  of  the  base,  in. 

For  combustion  chambers,  should  be  about  equal  to  the  radius 

of  the  cylinder  barrel,  and  on  this  basis,  the  altitude  h   needed  to 

provide  the  necessary  combustion-chamber  volume  may  be 

found  by  combining  Eqs.  (9-25)  and  (9-26). 
Thus 

ird^^S  irh  ,   A 

4(cir^  =   -0  +   *7 from  which l.5d^-S  ^   ̂  

{CR  -   1)  “ 

+   0.75^2/! 
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Let 

then 

a   —   0.75d“  and 

b   = 

l.ofPS 

CR  -   1   - 

(9-27) 

Example. — An  engine  has  a   cylinder  diameter  of  4   in.,  a   stroke  of  4.5  in., 
and  a   compression  ratio  of  5:1.  If  the  combustion  chamber  is  in  the  shape 

of  a   spherical  segment,  what  is  the  distance  along  the  eyliiidc^r  axis  from  the 

center  of  the  piston  head  (at  T.D.C.)  to  the  inner  surface  of  the  cylinder 
head? 

Solution 

a   =   0.75  X   42  =   12 

h   -   1-5  X   42  X   4.5  _ 
^   (5“^1)  - 

From  Eq.  (9-27), 

or 

h   «   1.78  in. 

Owing  to  the  need  for  a   flat  plane  for  the  valve  seats,  the  shape 

of  the  valve  heads,  and  the  irregular  shape  of  the  exposed  end 

of  the  spark  plug,  the  actual  combustion-chamber  shape  deviates 

somewhat  from  a   spherical  segment.  If  not  taken  into  account, 

these  detail  parts  will  change  the  compression  ratio,  and  it  is 

desirable  for  the  preliminary  design  to  estimate  the  change  in 

volume  produced  by  these  parts  and  correct  the  clearance 

volume  dimensions  accordingly.  In  any  event,  it  is  particularly 

important  to  have  the  compression  ratio  the  same  in  each  of  the 

cylinders. 

When  the  valve  stems  are  parallel  to  the  C3dinder  axis,  the 

combustion  chamber  usually  approximates  a   short  cylinder,  and 

to  permit  the  use  oT  large  valves,  the  cMameter  of  this  cylinder  is 

frequently  made  greater  than  the  diameter  of  the  cylinder 

barrel,  but  the  height  should  not  be  so  small  as  to  reduce  too 

greatly  the  area  of  the  flame  front.  A   cheek  should  also  be  made 

to  see  if  mechanical  clearance  between  the  valves  and  piston 

head  is  adequate. 

Cylinder  heads  should  be  sufficiently  thick  in  section  (a)  to 

withstand  the  maximum  bursting  force  at  explosion  pressure, 
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(b)  to  be  rigid  enough  to  prevent  distortion  of  valve  seats  and 

binding  of  the  valves  in  the  valve  guides,  and  (c)  to  conduct  away 

adequate^" '   the  heat  absorbed  from  the  combustion  gases.  In 
conventional  types  of  heads,  rigidity  and  thermal  conductivity 

are  critical;  hence,  if  the  head  thickness  is  sufficient  for  h   and  c, 

the  strength  will  usually  be  adequate.  The  fins  on  air-cooled 

cylinder  heads  act  as  truss  members  and  contribute  greatly  to 

the  rigidity  as  well  as  to  the  strength.  In  spherical-segment 

types  of  combustion  chambers,  therefore,  a   head  thickness 

sufficient  for  heat  fiow  will  also  be  adequate  for  strength  and 

rigidity,  but  in  short  cylindrical  chambers,  the  fiat  top  may  tend 

to  bow  outward  under  explosion  pressure  sufficient  to  distort  the 

valve  seats.  The  case  is  a   close  parallel  to  that  of  steam  boilers 

wherein  stay  bolts  are  needed  for  flat  heads,  but  not  for  hemi- 

spherical heads.  However,  since  stay  bolts  cannot  be  used  in 

cylinder  heads,  the  best  ‘alternative  is  greater  external  trussing 
and  the  use  of  large-radius  fillets  at  the  junctiire  of  the  flat  and 

cylindrical  portions  of  the  head.  The  stiffening  effect  of  the 

manifolds  is  also  quite  useful. 

Valve  location  is  determined  by  the  size  of  the  valves,  arrange- 

ment of  the  valve  gear,  and  cooling  factors.  In  in-line  engines, 

valves  set  parallel  to  the  cylinder  axes  can  be  operated  by  an 

overhead  camshaft  without  rocker  arms,  a   factor  in  favor  of 

simplicity,  but  usually  valve  size  is  restricted  to  the  point  where 

there  is  a   reduction  in  b.m.e.p.  In  addition,  it  is  more  difficult 

to  provide  uniform  air  cooling  all  around  the  valve  seats.  Mul- 

tiple valves  boost  the  b.m.e.p.  but  do  not  greatly  help  the  cooling 

of  the  valve  seats,  and  in  addition  they  add  to  the  complexity 

of  the  valve  gear.  Valves  set  at  an  angle  appear  to  be  about  the 

best  solution  for  small  and  medium-size  engines  and  in  many 

instances  for  large  engines  as  well,  since  uniform  air  cooling  of 

seats  is  improved,  larger  valves  may  be  used,  and  push  rods  and 

rocker  arms  do  not  involvb  any  greater,  if  as  much,,  complexity  as 

overhead  camshafts.  There  are  so  many  possible  arrangements 

of  valves  and  valve  gear,  however,  that  specific  rules  cannot  be 

laid  do-wn,  but  the  designer  should  be  able  to  justify  his  par- 
ticular selection. 

Spark-plug  location  is  highly  important  in  elongated  combus- 

tion chambers  designed  primarily  for  detonation  control,  but 

in  compact  chambers  little  choice  is  available.  In  general,  dual 
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spark  plugs  are  located  on  opposite  sides  of  the  head  and  between 
the  valves.  Plug  bosses  should  not  bo  too  close  to  the  valve 

seats,  and  the  seats  should  not  be  too  (dose  together  as  the 

narrow  separating  section  of  head  metal  may  be  shunted  off 

from  the  cooling  air,  be  overheated,  and  crack.  Spark-plug 
points  set  too  far  back  in  elongated  bosses  may  be  exposed  only 
to  stratified  burned  charge  and  give  poor  ignition  characteristics. 

Poor  heat  flow  from  plug  bosses  can  cause  overheating  of  plug 

points  and  preignition.  Excessive  heat  flow  may  cause  over- 

cooling and  fowling  of  plug  points.  S.A.E.  standard  spark-plug 

dimensions  for  use  in  determining  plug-boss  details  are  given  in 

reference  2.  Arrangement  of  cooling  fins  around  the  spark-plug 

boss  should  be  such  as  to  permit  ready  access  to  the  plug  without 

undue  danger  of  breaking  the  fins. 

Suggested  Design  Procedure 

1.  Decide  upon  the  type  of  cylinder  construction  to  be  used,  and  make 

detailed  sectional  sketches  (to  scale)  of  the  proposed  arrangement  of  the 

parts.  Include  enough  different  sections  to  show  the  arrangement  clearly. 

A   suggested  way  of  making  these  sketches  is  to  put  them  on  tracing  paper 

placed  over  cross-sectioned  paper.  These  sketches  should  be  consid- 

ered as  a   plan  of  procedure  and  as  such  should  be  given  careful  study  as 

they  are  prepared.  Hasty  assembly  of  a   “picture”  without  regard  to  fitting 
of  parts,  logical  dimensions,  etc.,  is  of  little  value.  Be  able  to  justify  details 

of  the  arrangement  by  reference  to  current  practice  whenever  possible,  but 

do  not  try  to  make  the  sketches  detailed  finished  drawings.  They  should 

be  the  preliminary  bird’s-eye  views. 
2.  With  the  desired  arrangement  of  the  entire  cylinder  well  fixed  in  mind, 

determine  the  cylinder  barrel  details,  /.c.,  material,  wall  thickness,  hold- 

down flange  dimensions,  method  of  attaching  to  head,  etc. 

3.  If  air-cooled,  select  fin  dimensions  by  reference  to  Fig.  .\l-7  or  current 

practice.  If  liquid  cooled,  use  data  in  reference  15  or  equivalent - 

4.  For  fin  dimensions  selected,  determine  percentage  of  heat  to  cooling 

and  alter  dimensions  of  fins  or  use  baffles  if  inadecpiate. 

If  fins  are  more  than  ad(‘qiiate,  a   saving  in  cost  of  manufticture  may  be 

possible  by  using  less  effective  but  more  easily*  constructed  fins. 

5.  IMake  a   detailed  dimensioned  sectional  drawing  of  the  cy'linder  barrel. 

Leave  space  on  the  drawing  for  adding  the  cydinder  heaii. 

6.  Determine  the  valve  dimensions  necessary  for  adeipiate  breathing 

capacity'. 
7.  Determine  the  remaining  detailed  dimensions  of  tlie  valves,  and  make 

a   detailed  dinumsioned  drawing  of  intake  and  exhaust  valves. 

Salt-  or  sodium-coole<l  exhaust  valves  will  probably'  be  udx'isaide  ii  the 

b.m.e.p,  is  much  above  115  to  120  lb.  per  sq.  in. 
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S.  Determine  the  dimensions  of  the  combustion  chamber  necessary  to 

give  the  desired  compression  ratio. 

9.  Make  detailed  dimensioned  drawings  of  the  valve  guides  and  valve 

seats. 

10.  Make  a   detailed  dimensioned  sectional  drawing  of  the  cylinder  head 

except  the  supports  and  housing  for  the  valve  gear. 

This  drawing  should  be  on  the  same  sheet  and  a   part  of  the  cylinder 

barrel  drawing. 

11.  Make  an  assembly  drawing  of  the  cylinder  (except  the  supports  and 

housing  for  the  valve  gear)  on  the  layout  drawing  of  Suggested  Design 

Procedure,  page  24,  item  4.  Show  parts  in  section  whenever  such  sectioning 

increases  the  clarity  or  legibility  of  the  drawing.  Include  only  principal 

over-all  dimensions.  Identify  each  part  of  the  assembly  drawing  by  a 

reference  number  corresponding  to  the  detailed  drawing  or  reference  number 

of  that  part. 

12.  When  items  1   to  11  have  been  completed  and  put  in  proper  form,  sub- 

mit for  checking  and  approval. 

Problems 

1.  Determine  the  surface  heat  transfer  coefficient  for  a   cylinder  barrel  of 

4.5-in.  bore,  a   fin  width  of  0.5  in.,  a   fin  pitch  of  0.3  in.,  and  a   fin  thickness 

of  0.0625  in.  Velocity  of  air  past  cylinders  is  65  m.p.h. 

2.  Determine  the  over-all  heat  transfer  coefficient  U   if  the  cylinder  barrel 

in  Problem  1   is  of  steel  and  the  fins  are  rectangular  in  cross  section. 

3.  Determine  the  over-all  heat  transfer  coefficient  for  the  aluminum  Y 

alloy  head  fins  of  the  cylinder  in  Problem  1   for  an  average  fin  width  of  1.1  in., 

a   pitch  of  0.4  in.,  and  an  average  fin  thickness  of  0.125  in.  Assume  fin-tip 

thickness  of  0.1  in.  and  fin-root  thickness  of  0.15  in.  Assume  an  average 
head  thickness  of  0.375  in. 

4.  Determine  the  approximate  cylinder  wall  and  head  temperatures  for 

the  cylinder  in  Problems  1,  2,  and  3   if  the  engine  is  a   75-b.hp.  four-cylinder 

opposed  type. 

5.  Determine  for  the  engine  of  the  preceding  four  problems  the  proportion 

of  the  heat  supplied  which  is  removed  by  the  cooling  fins.  Air  temperature 

80°F.,  number  of  cooling  fins  on  the  cylinder  barrel  14. 
6.  What  increase  in  the  proportion  of  .heat  to  cooling  could  be  attained 

for  the  engine  in  Problem  5   if  the  cylinders  were  baffled  and  a   baffle  pressure 

drop  of  2.25  in.  of  water  was  available. 

7.  Assuming  an  octane  number  of  fuel  such  that  the  cylinder  temperatures 

without  baffles  as  found  in  Problem  4   are  satisfactory,  what  increase  in 

indicated  horsepower  per  cylinder  would  be  possible  with  baffles  and  a 

baffle  pressure  drop  of  2.25  in.  of  water?  What  brake  horsepower  could  the 

engine  develop  ? 

8.  Take  necessary  measurements  and  determine  the  probable  increase 

in  brake  horsepower  that  could  be  attained  in  a   Continental  A-40  engine 

without  increase  in  cylinder  temperatures  if  pressure  baffles  giving  a   2-in. 

pressure  drop  were  used.  Assume  the  most  critical  conditions  will  be  had 

at  full-throttle  climb  of  45  m.p.h.  with  73  octane  number  fuel  in  each  case. 
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Assume  an  atmospheric  temperature  of  SO‘F.  Tlie  A-40  is  rated  40  b.Iip. 
at  2,575  r-p.m. 
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CHAPTER  10 

VALVE  GEAR 

10-1.  Usual  Valve  Gear  Arrangements. — In  the  conventional 

four-stroke-cycle  engine,  movable  valves  are  necessary  to  allow 
induction  of  new  charge  and  removal  of  burned  charge  from  the 

cylinder.  These  valves  are  usually  of  the  poppet  type,  although 

single  sleeve  valves*  are  being  used  to  a   considerable  extent  in 

England.® 
The  motions  of  the  poppet  valves  are  derived  from  cams  on  a 

shaft  or  shafts  driven  at  one-half  crankshaft  speed  in  the  case 

Fig.  10-1. — Arrangement  of  tlie  valve  gear  used  on  the  Continental  A-40  L-head 
engine. 

of  in-line  and  V-engines  and  in  some  radial  engines.  In  the 
majority  of  radial  engines,  however,  the  valve  motions  are 

derived  from  a   cam  ring  or  disk  which  rotates  at  much  less  than 

one-half  of  crankshaft  speed.  Where  a   camshaft  is  used,  an 

indiiddual  cam  is  usually  provided  for  each  valve,  but  when  a 

cam  disk  is  used,  several  cams  are  provided  in  each  of  two  races 

(one  race  for  intake  valves  and  one  race  for  exhaust  valves),  and 

each  cam  operates  in  succession  all  valves  connected  to  its  race. 

One  camshaft  operating  all  the  intake  and  exhaust  valves  is 

usual  practice  in  in-line  and  V-engines,  but  more  than  one 
212 
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camshaft  is  sometimes  used.  The  camshaft  may  be  located  (a) 

in  the  crankcase  oi'  (b)  over  the  top  of  the  c^dincler  heads.  In 
the  first  cAse  (Figs.  10-1  and  10-2),  an  L-head  arrangement 
may  be  used  and  the  valve  tips  may  ride  directly  on  the  cams 

or  more  often  seat  on  cam-follower  tappets,  or  overhead  valves 
may  be  used  and  the  motion  of  the  valves  transmitted  through 

cam  followers,  push  rods,  and  rocker  arms.  In  the  second  ease 

View  showing  hydraulic  -foippet  In  proper 
position  for  adjusting  valve  clearance 

View  showing  hydrauJic  tappet  in 
normal  operating  position 

Fig.  10-2. — Arrangement  of  the  valve  gear  used  on  the  Franklin  50-hp.  valve-in- 
head engine. 

(Figs.  10-3  and  10-4),  the  overhead  cams  may  act  directly  against 

the  valve  tips,  or  more  often  rocker  arms  transmit  the  motion. 

This  last  arrangement  increases  the  complexity  of  the  valve  gear 

but  permits  the  use  of  larger  valves  set  at  an  angle  to  the  center 

line  of  the  cylinder.  Usually,  the  overhead  camshaft  is  driven 

from  the  crankshaft  through  bevel  gearing  and  a   torque  tube, 

but  in  a   few  cases  a   positive  chain  drive  is  used.  Overhead 

camshafts  operating  directl3^  on  the  valve  stems  are  partieularbv 

well  adapted  to  high-speed  operation  because  the  weight  of  parts 

that  must  be  returned  by  the  vaK^e  spring  is  less  than  with  rocker 

arms  and  push  rods.  With  inclined  valves  and  rocker  arms 
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(Fig.  10-4),  the  weight  is  somewhat  greater,  but  still  low  enough 

to  permit  high-speed  operation,  and  the  arrangement  has  the 

added  advantage  of  permitting  larger  valves  and  higher  volu- 

metric efficiency.  A   disadvantage  of  overhead  c*aiiishafts  is 

the  need  for  greater  cylinder  rigidity  to  keep  the  camshaft 

bearings  aligned!  Also,  ̂ \’ith  air-cooled  types,  some  difficulty 
may  be  encountered  in  designing  the  camshaft  housing  to  permit 

adequate  cooling-air  flow  around  the  cylinder  head. 

Fig.  10-5- — Usual  valve-gear  arrangement  for  radial  engines. 

In  radial  engines,  push  rods  and  rocker  arms  are  about  the  only 

feasible  way  of  transmitting  the  motion  of  the  cam  followe
rs 

to  the  valves.  Usually,  all  intake-valve  followers  ride  on  
one 

cam  race  and  all  exhaust-valve  followers  ride  on  an  adjacent 

race  which  is  attached  to  or  is  a   part  of  the  same  cam  disk
  oi 

ring  (Fig.  10-5). 

10-2.  Valve  Timing. — The  opening  and  closing  of  the  intake 

and  exhaust  valves  at  the  proper  point  in  the  t\veh^  has  
much  to 

do  with  .the  etfective  performance  of  a   foiir-stroke-eycle  
engine, 
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and  the  proper  point  is  usually  not  the  dead-center  position  of  the 
piston.  Reasons  for  this  may  be  shown  diagrammatieally  by 
means  of  pumping-loop  diagrams  (Fig.  10-6). 

Considering  first  the  effect  of  exhaust-valve  opening  time  (Fig. the  exhaust  valve  is  opened  at  bottom  dead 

Ti- 

IG.  10-6.— -Pressure-volume  diagrams  showing  the  effects  of  valve  timing. 

center  as  at  point  the  maximum  area  under  the  expansion hne  ttall  be  obtained,  but  the  back  pressure  on  the  exhaust  will 
be  large  and  the  net  work  of  the  cycle  will  be  reduced  By 

tv  111  be  lost  but  the  larger  area  MQN  representing  the  reduction 
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in  the  work  of  pushing  the  exhaust  gases  out  of  the  cylinder  will 

be  saved^  the  net  result  being  a   gain  in  the  net  power  output. 

However,  if  the  exhaust  valve  is  opened  too  early,  as  at  E   in  C, 

the  area  RKNS  lost  -under  the  expansion  line  will  be  greater 

than  the  saving  in  work  during  exhaust  as  represented  by  the 

area  TNS.  Therefore,  the  condition  B   is  most  desirable. 

The  effect  of  varying  the  exhaust-valve  closing  time  is  shown 

diagrammatically  in  Fig.  10-6D  and  JS.  If  the  exhaust  valve  is 

closed  before  the  end  of  the  exhaust  stroke,  it  will  start  to  close 

even  earlier  with  the  result  that  there  %\ili  be  a   pinching  or 

throttling  of  the  flow  of  burned  gases  out  of  the  c^dinder.  This 

will  cause  a   build  up  in  pressure  during  the  last  part  of  the  exhaust 

stroke  and  result  in  a   higher  pressure  in  the  clearance  space 

at  the  beginning  of  the  intake  stroke.  Before  any  new  charge 

can  be  drawn  in,  the  burned  charge  in  the  clearance  space  must 

expand  down  at  least  to  atmospheric  pressure,  and  the  higher  the 

initial  clearance  pressure,  the  greater  the  portion  of  the  suction 

displacement  that  will  be  required  for  the  expanded  clearance 

gases.  Thus  too  earl3^  a   closing  of  the  exhaust  valve  tends  to 

reduce  the  volumetric  efficienc^^  Z/L. 

By  closing  the  exhaust  valve  after  the  top  dead-center  position 

as  in  S,  less  pinching  of  the  exhaust  gas  during  the  last  part 

of  the  exhaust  stroke  will  be  had  and,  in  addition,  use  ma^'  be 

made  of  the  carry-out ’’  effect  produced  the  kinetic  energy" 

of  the  high-velocity  gases  passing  to  the  exhaust  manifold. 

This  last  results  in  a   lowering  of  the  clearance  pressure  and  an 

increase  in  the  volumetric  efficiency. 

The  effect  of  varying  the  intake-valve  opening  time  is  illus- 

trated in  Fig.  10-6F  and  G.  In  F,  the  intake  valve  starts  to  open 

after  the  start  of  the  intake  stroke,  and  since  it  takes  several 

degrees  of  crankshaft  travel  to  open  the  valve  completeh’^,  during 
a   considerable  portion  of  the  intake  stroke  the  incoming  charge 

will  be  throttled.  The  result  will  be  a   lower  pressure  in  the 

cylinder,  and  unless  other  factors,  discussed  later,  more  than 

offset  this  effect,  compression  will  start  on  the  following  stroke 

at  a   pressure  well  below  atmospheric,  and  this,  as  shown  in  F, 

will  cause  a   low  volumetric  efficiencj". 

By  starting  to  open  the  intake  valve  before  top  dead  center 

as  in  G,  the  valve  will  be  more  nearly  wide  open  during  the  suc- 

tion stroke,  and  owing  to  the  reduced  amount  of  throttling,  a 
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higher  volumetric  efficiency  will  be  had.  Thus  the  exhaust 

valve  should  close  after  top  dead  center,  and  the  intake  valve 

should  open  before  top  dead  center. 

Obviously,  with  this  timing  both  valves  will  be  partly  open 

at  the  same  time,  and  this  condition  is  called  valve  overlap.  At 

first  thought,  it  would  seem  that  opening  the  intake  valve  before 

the  exhaust  valve  was  closed  would  result  in  a   flow  of  burned 

gas  back  through  the  intake  valve  and  into  the  intake  manifold 

where  dt  would  have  to  be  returned  to  the  cylinder  before  any 

new  charge  could  come  in,  or  the  other  extreme,  i.e.,  new  charge 

would  flow  into  the  cylinder  and  on  out  into  the  exhaust  manifold 

without  being  burned.  But  this  will  not  happen  at  high  throttle 

settings  if  the  valve  overlap  is  not  too  great  (a)  because  the 

inertia  of  the  high-velocity  burned  gases  will  cause  these  gases  to 

continue  on  out  through  the  exhaust- valve  opening  even-  if 

another  means  of  escape  is  provided  and  (h)  because  the  valves 

are  both  so  nearly  closed  during  this  overlap  period  that  very 

little  if  any  new  charge  will  get  into  the  cylinder  far  enough  to  be 

carried  out  by  the  escaping  exhaust  gases.  The  inertia  of  the 

new  charge  tends  to  hold  it  back,  and  this  further  contributes  to 

preventing  escape  of  new  charge  to  the  exhaust.  A   large  valve 

overlap  is  not  conducive  to  good  economy  at  part- throttle 

operation,  however,  because  under  this  condition,  the  pressure 

in  the  intake  manifold  is  quite  low  and  the  tendency  for  exhaust 

gas  to  flow  back  through  the  intake  valve  is  increased.  A   sudden 

rush  of  burned  gas  into  the  intake  manifold  is  likely  to  push 

some  new  charge  back  out  through  the  carburetor  where  it  will 

be  lost.  Also  the  new  charge  which  is  later  taken  into  the 

cylinder  will  be  more  highly  diluted  and  therefore  burn  less 

efficiently. 

Intake-valve  closing  time  has  a   rather  major  effect  on  engine 

performance,  and  this  is  illustrated  in  Fig.  I,  and  J. 

In  case  H ̂   the  intake  valve  closes  very  close  to  bottom  dead 

center  which  means  that  it  starts  to  close  well  before  the  end 

of  the  suction  stroke.  Hence  the  incoming  charge  will  be 

throttled  during  the  last  part  of  the  suction  stroke  and  the  pres- 

sui'e  in  the  cylinder  will  be  lowered,  or  at  least  there  can  be  no 

use  made  of  the  so-called  ramming  effect  which  results  from 

the  kinetic  energy  of  the  high-velocity  incoming  charge.  With 

the  pressure  at  the  beginning  of  compression  well  below  atmos- 
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pheric,  the  compression  line  will  cross  the  atmospheric  line 

farther  from  the  end  of  the  card  and  the  volumetric  efficiency 
will  be  low  as  in  case 

By  leaving  the  intake  valve  open  until  well  after  bottom  dead 

center  as  in  case  J,  the  kinetic  energy  of  the  incoming  charge 

will  tend  to  more  charge  into  the  cylinder  and  build  up 

the  pressure  even  though  the  e3dinder  volume  is  starting  to 

decrease  the  return  of  the  piston.  However,  if  the  intake 

valve  is  held  open  too  long  after  bottom  dead  center,  the  volu- 

metric efficiency  will  be  reduced  because  the  returning  piston 

will  overcome  the  inertia  of  flow  or  ramming  effect  of  the  incom- 

ing charge  and  then  start  forcing  the  mixture  back  out  through 

Fig.  10-7. — Pressure-volume  diagrams  showing  the  effect  of  exhaust  pressure 
waves  on  volumetric  efficiency.  (.4.)  Properly  timed  wave.  {JB)  Improperly 
timed  wave. 

the  valve  port  opening  as  in  case  J,  Thus  cases  By  E,  Gy  and  I 

in  Fig.  10-6  represent  optimum  conditions  for  aircraft  engines 

but  not  necessarily^  for  all  types  of  engines. 

There  are  several  other  factors  such  as  manifold  pressure 

waves,  the  effect  of  common  manifolds  to  several  cydinders,  and 

engine  speed,  which  may^  alter  or  even  completely’-  change  the 
engine  performance  that  would  be  expected  from  the  above 

optimum  cases.  For  instance  (Fig.  10-7.4  and  B),  the  sudden 

outrush  of  burned  gas  from  the  cylinder  when  the  exhaust  valve 

opens  sets  up  pressure  waves  in  the  exhaust  pipe  that  have  a 

frequency  and  amplitude  dependent  upon  the  diameter,  length, 

turns,  and  branches  of  the  exhaust  pipe  and  upon  the  speed 

of  the  engine.  If  these  waves  are  traveling  away  from  the 

cy^linder  at  the  time  the  exhaust  valve  is  closing,  they'  will  tend 
to  reduce  the  pressure  in  the  clearance  space,  as  in  ease  .4,  and 

therefore  contribute  to  high  volumetric  efficiency'.  But  ii  the 

waves  are  traveling  toward  the  cydinder,  f.c.,  building  up  pressure 
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at  the  inner  end  of  the  manifold,  they  ram  some  of  the  escaped 

gases  back  into  the  cylinder  and  raise  the  pressure  in  the  clearance 

space,  as  in  case  B,  As  far  as  volumetric  efSciency  is  concerned, 

case  A   in  Fig.  10-7  will  produce  results  similar  to  case  E   in 

Fig.  10-6,  and  case  B   in  Fig.  10-7  will  produce  results  similar  to 

case  D   in  Fig.  10-6.  Thus  changing  to  the  correct  valve  timing 

while  retaining  an  improper  manifold  or  engine  speed,  can  result 

in  no  improvement  or  even  a   reduction  in  volumetric  efficiency. 

In  a   similar  way,  improper  intake  manifolding  can  offset  good 

intake-valve  timing. 

In  branched  manifolds  or  -manifolds  leading  to  a   common 

header,  the  pressure  waves  due  to  one  cylinder  can.be  properly 

timed  for  that  cylinder  and  yet  cause  adverse  affects  in  other 

c^dinders. 

A   given  optimum  valve  timing  is  in  general .   correct  for  only 

■one  engine  speed.  The  most  pronounced  effect  of  speed  occurs 

in  connection  with  intake-valve  closing  time.  The  principal 

reason  for  this  lies  in  the  fact  that  ramming  effect  varies  with 

speed,  whereas  the  intake-valve  closing  time  remains  fixed  in 

conventional  engines. ,   At  low  speeds,  the  ramming  effect  is 

small  and  the  returning  piston  can  quickly  overcome  the  inertia 

of  inrushing  gas.  Hence,  a   valve  timing  such  as  case  I   in  Fig. 

10-6  may  be  too  late  a   closing  for  the  low-speed  condition  and  the 

volumetric  efficiency  will  be  low  as  in  case  J . 

A   very  high  engine  speed  will  in  general  give  a   correspondingly 

high  ramming  effect  which  will  be  overcome  less  quickly  by  the 

returning  piston.  Thus  at  high  speed,  case  I   (Fig.  10-6)  will 

represent  too  early  a   closing  time  for  the  intake  valve  and  the 

volumetric  efiieiency  will  be  low  as  in  case  H. 

Obviously  it  would  be  desirable  to  vary  the  intake-valve 

closing  time  wdth  speed,  but  since  this  is  impracticable  except 

in  experimental  engines,  the  fixed  valve  timing  used  must  be  a 

compromise. 

In  automobile  engines  requiring  good  performance  over  a 

wide  range  of  speed,  a   valve  timing  such  as  case  7,  Fig.  10-6,  is 

the  usual  compromise  because  it  gives  reasonably  good  average 

volumetric  efficiency  throughout  the  speed  range.  In  airplanes 

and  in  racing  engines,  however,  high  power  at  high  engine  speed 

is  essential  and  high  power  at  low  engine  speed  is  of  secondary 

importance.  Hence  the  intake-valve  closing  time  should  be 
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farther  after  bottom  dead  center.  Figure  10-S  shows  the  varia- 

tion of  volumetric  efficiency  with  engine  speed  for  a   fixed  valve 

timing.  Table  10-1  gives  the  valve  timing  of  IS  aircraft  engines 

R.p.m.,  per  cent  of  rated  speed 

Fig.  10-S, — Volumetric  efficiency  vs.  engine  speed  for  (.4.)  good  power  over  a 
wide  range  of  speed  and  {B)  maximum  power  at  high  speed. 

together  with  a   summary  of  average,  maximum,  and  minimum 

timings. 

Table  lO-l. — Aircraft-en-ginb  Valve-timing  Data 

Engine  type 
I.V.O.  deg. 

B.T.C. 

I.V.C.  deg. 

A.B.C. 

E.V.O.  deg. 

B.B.C. 

E.V.C.  deg. 

A.T.C. 

9   cyl.  radial   

26 76 

71 
31 

14  cyl.  2-row  radial.  . .   . 
20 

76 
76 

20 

7   cyl.  radial   5 55 
55 

5 

7   cyl.  radial   8 
45 

55 
8 

7   cyl.  radial   8 

j   21 

63 
20 

7   cyl.  radial   9 51 
51 

9 

5   cyl.  radial   35 90 

so 
45 

7   cyl.  radial   
41 

94 

91  1 

54 5   cyl.  radial   
10 

77 
69  i 

i   33 

9   cyl.  radial   15 
45 

60  1 

1   15 
4   cyl.  in-line   

17 

‘   77 

50 10 
12  cyl.  V   

15 
65 

70 

30 
7   cvl.  radial   

10 

60 60 10 
3   cyl.  radial   4 57 45 

19 

2   cyl.  opposed   5 
55 55 

5 

4   cyl.  opposed   10 

55 
55 

10 
4   cyl.  in-line   

14 68 
42 22 

5   cyl.  radial   0 60 60 O 

Average   14 59 

62 

19 

Maximum   41 
94 91 

54 

Minimum   0 21 42 0 
i 

Maximum  overlap  =   95  deg.  Mimmum  overlap  =   0   deg.  Average  overlap  =   'S3  deg. 
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10-3.  Valve  Cams  and  Followers. — The  requirements  for  valve 
cams  are  somewhat  conflicting  in  that  for  high  volumetric 

efficiency  the  valves  should  be  opened  and  closed  quickly  and 

held  wide  open  for  a   large  part  of  the  open  time,  whereas  to  keep 

down  acceleration  forces  and  spring  tension,  the  valves  should  be 

opened  and  closed  gradually.  In  addition,  the  cam  contours 

should  be  such  that  they  are  not  too  difficult  or  expensive  to 

manufacture. 

Many  types  of  cam  contours  have  been  tried  in  the  attempt  to 

attain  more  fully  the  best  compromise  conditions,  but  the  major- 

ity of  cams  now  in  current  use  fall  into  one  of  the  following 

classifications : 

1.  Tangent  cams  with,  roller  or  round-nose  followers. 

2.  Convex  flank  or  ‘^mushroom’'  cams  with  flat  followers  in  sliding 
contact. 

3.  Concave-flank  (hollow-faced)  cams  with  roller  followers. 
4.  Constant-acceleration  cams,  generated  cams,  etc.,  having  component 

parts  formed  of  curves  other  than  straight  lines  or  arcs  of  circles.  Only 

the  first  three  types  will  be  analyzed  here.  For  details  of  types  4,  see  refer- 
ences 1   and  2.  Some  manufacturers  use  composite  curves  made  up  to  meet 

special  requirements. 

All  cams  have  in  common  a   base  circle  on  which  the  follower 

rides  during  the  time  the  valve  is  closed,  an  opening  flank  so 

shaped  as  to  open  the  valve  in  the  desired  -way,  a   cam  nose  which 

may  include  a   period  of  dwell  on  which  the  follower  rides  during 

the  time  when  the  valve  is  wide  open,  and  a   closing  flank  which 

allows  the  valve  to  close  properly.  The  problem  of  design  is 

largely  one  of  properly  shaping  the  flank  and  nose  portions  of 
the  cam. 

10-4.  Tangent  Cams. — Tangent  cams  are  frequently  used  in 

in-line  and  V-engines,  usually  with  roller  followers,  although  a 

round-nose  sliding  follower  may  be  used.  They  have  straight- 

line  flanks  tangent  to  the  base  and  nose  circles  and  are  relatively 

easy  to  lay  out  and  manufacture,  but  they  require  a   stiff  valve 

spring  to  ensure  contact  of  the  follower  with  the  cam  surface 

at  aU  points.  Figure  10-9  shows  the  general  layout  of  a   tangent 
cam  with  a   roller  follower. 

For  the  tangent  cam  (Fig.  10-9),  let 

Rb  =   the  radius  of  the  base  circle. 

Rn  =   the  radius  of  the  nose  circle. 

Rf  =   the  radius  of  the  roller  follower. 
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Fig.  10-9.. — Tangent  cam  with  roller  follower  on  straight  flank  portion  JV/x  and 
on  nose  circle  My. 

one-half  of  the  angular  motion  of  the  camshaft  from  initial 

opening  to  final  closing  of  the  valve  (cr  =   one-fourth 
of  the  angular  travel  of  the  crankshaft  for  a   ratio  of 

camshaft  to  crankshaft  speed  of  1:2). 

$   =   the  angular  travel  of  the  camshaft  from  initial  opening, 

i.e.,  the  point  of  tangenc3^  of  the  flank  and  base  circle, 
the  angle  between  a   line  through  the  centers  of  the  base 

and  follower  circles  and  a   line  through  the  centers  of  the 

base  and  nose  circles. 

Lx  the  lift  of  the  follower  corresponding  to  0,  in. 

Ly  the  lift  of  the  follower  corresponding  to  <p,  in. 

Lm  the  maximum  lift  of  the  cam  follower. 

8   the  angle  between  a   line  through  the  centers  of  the  base 

and  follower  circles  and  a   line  through  the  centers  of 

the  nose  and  follower  circles. 

Mx  instantaneous  position  of  follo'wer  center  when  follower 
is  on  the  straight  flank. 

My  instantaneous  position  of  follower  center  when  follower 

is  on  the  nose  circle. 

Ml  position  of  follower  center  when  follower  is  tangent  to 

base  circle  and  straight  flank  (i.e.,  at  Ti). 
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Mo  ~   position  of  follower  center  when  follower  is  tangent  to 

straight  flank  and  nose  circle  (f 6.,  at  T2). 

Ms  =   position  of  follower  center  at  maximum  lift  or  when 

follower  is  tangent  to  nose  circle  and  dwell  circle. 

Referring  to  Fig.  10-9, 

/j  __  __  ̂  

Rr  +   Eb  +   L:,  S   -h. 

where  >S  =   Rp  -|-  Rb  or  the  lift  is 

=   -A-  -   s   =   S   (A—  -   i\  in.  (10-1) COS  d   \cos  6   / 

The  velocity  is 

but  for  a   given  engine  speed 

^   ̂   G   ̂     df  t   60 

where  N   =   r.p.m.  of  the  camshaft. 

12^^60  ( ""  0-00873JV  ~   =   0.00873iV/S 

=   0.00873iV;S  ft.  per  see.  (10-2) 
cos  6   ^   ^ 

The  acceleration  is 

4   =   ̂    ̂  
^   ̂    dt  dd  \dt )   60  V   t 

Ax  =   O.vuut^xttiv  "o      r   ft.  per  sec. ^   (10-3) 
cos  e   ^   ^   ^ 

Inspection  shows  that  the  acceleration  will  increase  as  long 

as  the  follower  remains  on  the  straight  flank  because  tan  S 
increases  and  cos  9   decreases  with  increase  of  6.  Hence  the 

maximum  acceleration  on  the  straight  flank  will  occur  at  the 

point  of  tangen cy  of  the  flank  and  nose  circles. 

On  the  nose  circle  at  position  My,  Fig.  10-9,  the  lift  will  be 

Lr  =   OMy  -   S 
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where  S   —   Rr  +   -Kb,  but 

OAfr  =   h   cos  ̂    +   I   cos  0 

where  h   =   OP  and  i   =   K.v  +   Rf-  (Xotb:  OP  need  not  equal 

Rb  as  shown  in  F^g.  10-9.)  But  from  the  right  triangle  PQAIy 

and 

therefore 

(,:2  _   =   QMy  =   i   eos  5 

PQ  —   h   sin  ̂  

i   cos  5   =   (Jr  —   sin- 

Ly  =   h   cos  4^  ”4“  sin-  4*)^^  —   /S 
(10-4) 

where  Ly  =   lift,  in. 

By  the  same  procedure  as  above  (since  d4>  =   —d$},  the 
velocity  is 

-27rN 

12  X   60 

=   -0.00873iV 

dct>  d4> 

-h  sin  <j> 
[A  cos  <p  +   (i-  —   A-  sin- 

sin  4>  cos  4 

S] 

-   0.00S73  Wft  sin  ♦   U   +   <“-» 

where  Fr  is  in  ft.  per  sec. 

The  acceleration  on  the  nose  circle  is 

cos 

(.i‘  —   sin*  “•  sin2  0   -f-  cos^  <*>) 
—   h   sin  <0  cOsS  ̂  

(i-  —   siii2  0 

,   ,   /   h~  sin  0   cos  0   \ 
h   sin  0   cos  I   1—  1 (t”  —   A- sill- 

cos  0   -h  - 

=   -0.000914iV2A 

h   cos  24  ^   sin-  24> 
cos  cf)  -f-  Y^. 

u   + (P  -   ‘   4(f2  —   h'^  sill*-' ft.  per  see.- 

(10-6) 

When  the  valve  is  wide  open,  Lr  ==  Z/3  ==  maximum  lift, 

=   0,  and  Eq.  (10-6)  reduces  to 
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As  =   ~-0.000914i\^2^  +   jJ  (10-7) 

To  ensure  adequate  clearance,  the  cam  base  circle  is  usually 

about  in.  larger  in  diameter  than  the  camshaft.  The  diameter 

of  the  camshaft  is  determined  from  stiffness  requirements  (see 

Par.  10-15),  and  the  diameter  of  the  cam  disk  in  radial  drives 

is  a   matter  of  adequate  clearance  for  driving  gears  (see  Pars.  10-9 

and  10-10),  but  for  the  moment,  if  it  is  assumed  that  the  base- 

Fig.  10-10. — Relation  of  various  parts  in  a   tangential  cam. 

circle  diameter  is  known,  the  other  tangential  cam  dimensions 

may  be  found  as  follows: 

Referring  to  Fig.  10-10  and  using  the  same  nomenclature  as  in 

Fig.  10-9, 

OP  =   h,  and  h   cos  ex  ==  Rb  —   Rn 
also 

h   Rn  —   Lm  ~f"  Rb 

and  solving  simultaneously  for  Pv 

{Lm  Rb  —   Rn)  cos  oi  =   Rb  —   Rn 
or 

R]sr  —   Rb  — 

—   cos  OL^ 

(10-8) 

and  with  Rn  known,  the  position  of  the  nose  circle  center  may  be 
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found  from 

k   - 

cos  Ot 

From  Fig.  10-10,  it  is  seen  that e^f 

=   arc  tan h   sin  (X 

Rf  -f-  Rb 

(10-9) 

(10-10) 

When  the  angle  of  crankshaft  travel  from  initial  opening 

to  final  closing  of  a   valve  is  quite  large  or  when  it  is  desire^l  to 

hold  the  valve  wide  open  for  a   part  of  the  open  time  in  order  to 

reduce  throttling  of  the  charge 

through  the  valve  port  to  a   min- 

imum and  thereby  raise  the  vol- 

umetric efficiency,  a   '^period  of 

dweir'  is  built  into  the  cam  (Fig. 

10-11).  This  period  of  dwell  is 
an  arc  of  a   circle  concentric  with 

the  base  circle  and  having  a   radius 

equal  to  the  radius  of  the  base 

circle  plus  the  total  lift,  i.e., 

Radius  of  dwell  =   Rb  +   Lm 

The  period  of  dwell  is  somewhat 

arbitrary  with  the  designer,  but 

it  is  limited  by  the  capacity  *of 
the  valve  spring  and  to  a   lesser 

extent  by  the  allowable  stress  at  the  line  of  contact  between  the 

cam  and  roller  follower. 

Referring  to  Fig.  10-11,  the  distance  between  the  centers  of 
the  base  and  nose  circles  is 

OP  =   h   and  h   cos  {a  —   a)  =   Rb  —   Rx 
also L   M 

and  solving  simultaneously  for  Rn 

(L M   “i~  Rb  —   R x')  cos  (qj  —   O')  Rb  Rx 
from  which 

Rx  =   Re 
Lm  cos  (o;  —   a) 

cos  (o:  —   a) 
(10-11) 
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With  R^r  known,  ’   the  position  of  the  nose  circle  center  may  be 
found  from 

h   = 

cos  (a  —   <t) 

From  Fig.  10-11.  it  is  seen  that 

Bm  =   arc  tan 
h   sin  {a  —   a) 

(10-12) 

(10-13) 

10-6.  Example  of  Tangent-cam  Calculations. — Determine  dimensions 
and  accelerations  for  a   tangent  cam  to  operate  an  inlet  valve  on  an  in-line 

engine,  (a)  for  zero  dwell,  and  (6)  for  a   period  of  dwell  angle  of  20  deg.  of 

camshaft  travel.  Available  data  are  as  follows:  inlet- valve  opening,  15  deg. 

before  top  center;  inlet-valve  closing,  65  deg.  after  bottom  center;  maximum 
lift,  0.5  in.;  diameter  of  camshaft,  1.575  in.;  diameter  of  the  roller  follower, 

1   in.;  speed  of  engine,  2,000  r.p.m. 

Procedure  a, — Using  the  nomenclature  of  the  preceding  article, Rb 

Lm 

ex 

_   1.575  0.125 
2   2 

=   0.5  in. 

_   15  -f-  180 

=   0.85  in. 

=   65  deg. 

From  Eq.  (10-8), 

Rn  —   0.85 

From  Eq.  (10-9), 

1   -   cos  65  -   0.4226 

=   0.484  in 

0.85  -   0.484 

0.42 

From  Eq.  (10-10), 

0M  =   arc  tan  = — ,   arc  tan  0.581  =   30*^9. 5^ 
^   i- 

=   65°  -   30°9.5'  =   34°50.5' 

From  Eq.  (10-3),  the  maximum  acceleration  on  the  straight  flank  is 

=   A2  =   0.000914  X   (^^^)”  (0.5  +   0.85) 
Ao  s=  2,395  ft.  per  sec.^ 

For  the  deceleration  when  <^  =   0,  from  Eq.  (10-7), 

[1  4-  2(tan  30°9.5')^ 

cos  30°9.5' 

Atm  =   A3  =   -0.000914  X 

i   =   E.v  -h  Rf  =   0.484  +-  0.5  =   0.984  in. 

0.865(1+^®) 

=   —1,485  ft.  per  sec. 2 

^2,0Q0y 
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Procedure  b. — For  the  cam  with  the  20-deg.  period  of  dweih 

Rb  =   0.85  in. 

Lm  —   0.5  in. 
cr  =   10  deg. 

cx  —   or  =   65  —   10  =   55  deg. 
From  Eq.  (10-11), 

R]sr  —   0.85  —   • 

From  Eq.  (10-12), 

From  Eq.  (10-13), 

0.85  -   0.179 
0.5736 

.   ,1.17  sin  55  ^   ^ 
Om  =   arc  tan  ..  _   arc  tan  0.71 J.O 

=   55^  -   35°22.5'  19°37.5' 
35“22,5' 

From  Eq.  (10-3),  the  maximum  acceleration  on  the  straight  flank  is 

A^m  =   ̂ 2  =   0.000914  (0.5  +   0.S5) 

Az  =   3,040  ft.  per  sec.- 

From  Eq.  (10-7)  for  i   =   A-  Rf  =   0.179  +   0.5  •   0.679 

Az  =   —2,915  ft.  per  sec.® 

However,  for  rapid  valve  deceleration,  Eq.  (10-7)  will  not  give  the  maxi- 

mum deceleration  and  Eq.  (10-6)  should  be  used  to  find  the  maximum  value. 

Thus  substituting  various  values  of  4>  in  Eq.  (10-6)  and  solving  for  Ay,  the 

deceleration  is  found  to  be  a   maximum  when  <p  —   —   19°37.5',  at  which 

value  Ay  —   3,920  ft.  per  sec. 2 

From  thig,  it  is  evident  that  increase  in  volumetric  efficiency 

by  using  a   period  of  dwell  is  attained  at  the  expense  of  greater 

stress  at  the  line  of  contact  between  the  cam  and  roller  during 

acceleration  and  greater  spring  loading  during  deceleration. 

For  the  example,  the  increase  in  stress  during  accelei*ation  will  be 

[(3,040  2,395) /2, 395]  X   100  =   27  per  cent,  and  at  the  full- 

open  position,  the  increase  in  spring  loading  will  be 

[(2,915  -   1,485)/1,485}  X   100  =   96.2  per  cent. 

However,  since  the  maximum  deceleration  occurs  in  case  b   when 

the  lift  is  0.309  in.,  a   fairer  comparison  would  be  to  note  the 
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increase  in  loading  over  case  a   at  a   lift  of  0.309  in.  For 

at  a   lift  of  0.309  in.,  from  Eq.  (10-4) 

0.309  =   0.865  cos  0   +   (0.9842  -   O.SGS^  sin^  -   1.35 
or 

4>  ==  28°  30' 

and  from  Eq.  (10-6),  the  deceleration  on  the  nose  circle  is 

^2,
QQ0

\2 

=   -0.000914 

2   / 

0.865 

cos  28°30'  + 0.865  cos  57° 
(0.9842  -   0.8652  sin2  28°300^^ 

0.8653  sin2  57° 
‘   4(0.9842  -   0.8652  sin2  28°300^^ 

Ay  —1,240  ft.  per  sec. 2 

The  increase  in  spring  loading  is 

M15  -   1,240  ̂    ^ 

Thus  the  use  of  a   period  of  dwell  is  limited  first  by  the  ability 

of  the  spring  to  keep  the  follower  on  the  cam. 
Dwell 

Figure  10-12  shows  the  layout  of  the  cams,  and  Figs.  10-13 

and  10-14  show  the  lifts,  velocities,  and  accelerations  for  the 

tangent  cams  of  the  example  (Par.  10-5). 
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10-6.  Mushroom  Cams. — IMushroom  cams  derive  their  name 

from  the  mushroom-shaped  sliding  follower  which  usually  has 

a   flat  surface  in  contact  with  the  cam.  This  typi^  of  cam,  which 

is  extensively  used  in  automotive  practice,  differs  from  the 

Fig.  10-13, — Lift,  velocity,  and  acceleration,  curves  for  the  tangent  cam.  Case  (a). 

Par.  10-5. 

Fig.  10-14. — Lift,  velocity,  and  acceleration  curves  for  the  tangent  cam.  Case  (&), 

Par.  10-5. 

tangential  cam  in  that  the  flanks  are  arcs  of  circles  tangent  to 

the  base  and  nose  circles,  respectively.  Figure  10-15  shows  the 

general  arrangement  of  a   mushroom  cam  with  a   flat-faced  sliding 

follower.  In  the  following  analysis,  symbols  (as  apph")  are  the 

same  as  in  the  analysis  of  tangential  cams.  In  addition, 

Rjpt  =   radius  of  the  flank  circle. 
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Fig,  10-15. — Mushroom  cam  with  flat  follower  on  convex  circular-arc  flank 
portion  iTx) 

Referring  to  Fig.  10-15,  for  the  lift  on  the  flank  circle 

also 

6   -f-  Lx  =   JElpZi  —   Rf’l  cos  6 

6   =   —   cos  o')  —   Lx 

e   =   Rb  —   Rb  cos  Q   =   Rb{X  ̂    cos  &) 
eliminating  e 

or L   —   cos  It)  —   RflO^  —   cos  S')  ~   Lx 

Lx  =   {Rfl  —   Rb)[1  —   cos  d) 

For  the  velocity  on  the  flank  circle, 

(10-14) 

dt  ,   12  X   60 

,,  ~   Rb)  sin  e   (10-15) 

For  the  acceleration  on  the  flank  circle, 

^   cos  6   (10-16) 

On  the  nose  circle,  the  lift,  velocity,  and  the  acceleration  would 

be  similar  to  that  on  the  nose  circle  of  a   tangential  cam  except 
for  the  change  from  a   finite  to  an  infinite  radius  of  the  cam 
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follower.  Beferring  to  Fig.  10-16,  the  lift  on  the  nose  circle  is 

Lr  =   Rx  +   h   cos  <j>  —   Rb  1 10-17) 

where  h   =   OP,  "and  0   =   0   when  Ly  =   Lz  (=  the  maximum lift).  The  velocity  on  the  nose  circle  is 

Vy 
dL  y   dL  1’  d   cj> 

^   X   W   =   0-O0S73.V 0.00873A^^  sin  0,  ft.  per  sec. 

The  acceleration  on  the  nose  circle  is 

ilo-is) 

^   =   —   u.uuuyi-iiv-'Ai  cos  0,  ft.  per  see.- 

at  maximum  lift,  0   =   0   and 

Ay  A 3   ~ 0.0009 14A-^ 

(10-19) 

(10-20) 

As  with  tangential  cams,  there 

the  various  dimensions  and  angles 

Fig.  10-16. — Mushroom  cam  with 

jflat-faced  follower  on  the  nose-circle 
portion  (Ty). 

are  definite  relations  between 

of  the  mushroom  cam. 

Fig.  10-17.  —   Mushroom  cam 
with  flat-faced  follower  in  contact 

at  the  point  of  taiigency  of  the 
flank  and  nose  circles. 

The  radius  of  the  base  circle  Rb  is  determined  from  shaft 

stiffness  requirements  (see  Par.  10-15),  the  lift  Lm  is  determined 
from  valve  and  volumetric  efficiency  requirements,  and  the 

radius  of  the  nose  circle  is  assumed.  Then,  the  distance  between 

the  base  circle  and  nose  circle  centers,  h   (=  OP,  Fig.  10-17)  is 
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^   Lm  -   Rn  (10-21) 

For  the  radius  of  the  flank  circle  (Fig.  10-17), 

{Rfl  —   Rn)^  =   (^  sin  Qi)^  “H  (fipL  —   Rb  +   h   cos  ol)^ 

=   sin2  ̂    ^   _   2RbRfl 

-h  2RFih  cos  oc  —   2RBh  cos  a.  +   cos.^  a. 

R%  R%  —   h‘^  2RBh  cos  O'  (10-22) 

Again  from  Fig.  10-17,  the  maximum  angular  travel  of  the  cam 
while  the  follower  is  on  the  flank  circle  is 

{Rfl  —   Rn)  sin  6m  =   h   sin  o; 

^   \   h   sin  o:  1 
=   arc  sm  (10-23) 

and  the  maximum  angular  travel  of  the  cam  from  the  point  of 

tangency  of  the  flank  and  nose  circles  to  the  point  of  maximum 

lift  is 

4>m  =   a   —   Om  (10-24) 

10-7,  Example  of  Mushroom-cam  Calculations. — Determine  dimensions 

and  accelerations  for  a   mushroom  cam  with  fiat-faced  follower  to  operate  an 

inlet  valve  on  an  in-line  engine.  Available  data  are  as  follows:  inlet  valve 

opening,  15  deg.  before  top  center;  inlet  valve  closing,  65  deg.  after  bottom 

center;  maximum  lift,  0.5  in.;  diameter  of  camshaft,  1.575  in.;  speed  of 

engine,  2,000  r.p.m. 

Procedure. — Using  the  nomenclature  of  Par.  10-6  and  assuming  the  diam- 

eter of  the  base  circle  =   diameter  of  camshaft  H-  3''^  in., 

Rb  — 2   1   ^   =   0.85  m.,  Lm  —   0.5  in., 

15  +   180  +   65  „„ 'v  =   5=  55  , 

Assume  Rn  —   0.25  in.  From  Eq.  (10-21),  h   —   0.85  -f-  0.5  —   0.25  ~   1.1  in. 

From  Eq.  (10-22), 

_   0.252  -   0.852  1.12  +   (2  X   0.85  X   1.1  X   0.4226) 

2[0.25  -   0.85  +   (1.1  X   0.4226)] 

From  Eq.  (10-23), 

1   1   X   0   9063 

.   Bm  «   arc  sin  " -   qq  I7''o~25)  ̂    0.2665  =   15°27.5' 

From  Eq.  (10-24), 

<Pm  =   65°  -   15°27.5'  -=  49°32.5' 

The  layout  of  the  cam  is  shown  in  Fig.  10-18. 
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From  Eq.  (10—16),  it  is  evident  that  the  aeeeleration  on  tfie  tkiiik  eirele  will 
be  a   maximum  when  0=0. 

Fig.  10-18. — ^Layout  of  the  mushroom  cam  in  the  Example  of  Par.  10-7- 

Fig.  10-19, — ^Eift,  velocity,  and  acceleration  curves  for  the  mushroom  cam. 

Par.  10-7, 

For  the  data  of  the  example, 

A^m  =   0.000914(2,000/2)2(8.99  —   0.85)  cos  0   ==  2,870  ft.  per  sec.2 

Other  values  of  Ax:  together  with  values  of  Lx  [calculated  from  Eq.  (10-14)] 

and  V X   [calculated  from  Eq.  (10-15)]  may  be  read  from  Fig.  10-19.  From 
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Eq.  (10-19),  it  is  evident  that  the  deceleration  on  the  nose  circle  is  a   maximum 

when  <i>  =   0. 

For  the  data  of  the  example  [using  Eq.  (10-20)], 

Aym 

Other  values  of  Ar  [calculated  from  Eq.  (10-19)]  together  with  values  of  Ly 

[calculated  from  (Eq.  10-17)]  and  Vy  [calculated  from  (Eq.  (10-18)]  may  be 

read  from  Fig.  10-19. 

Comparing  Figs.  10-13,  10-14,  and  10-19,  it  is  seen  that  the  initial  accelera- 
tion for  the  mushroom  cam  is  higher;  hence  the  initial  shock  load  on  the  valve 

gear  will  be  higher.  The  deceleration*  loads  are  not  greatly  different  for 
the  tangent  cam  with  zero  dwell  and  the  mushroom  cam  but  with  dwell 

deceleration  loads  rise  rapidly.  Mushroom  cams  are  seldom  built  with  a 

dw'eil  period. 

Fig.  10-20. — Hollow-faced  cam,  with  roller  follower  on.  concave  circular-arc  flank. 

10“8.  Kollo w "faced  Cams. — In  the  case  of  radial  engines 
using  a   cam  ring  (Par.  10-1),  the  radius  of  the  base  circle  is 

quite  large  relative  to  the  other  dimensions.  Also  the  ring 

rotates  at  less  than  one-half  of  crankshaft  r.p.m.,  hence  a   is  sl 
relatively  small  angle. 
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Under  these  conditions,  tangent  and  mushroom  types  of  cam 
contours  are  not  suitable  with  any  appreciable  lift  because  of  the 

excessively  small  nose-circle  radius  that  can  be  used;  in  many 
instances  they  are  not  even  possible. 

For  radial  engines  using  cam  disks,  therefore,  other  types  of 

cam  profiles  should  or  must  be  used,  and  of  the  possible  types, 

the  so-called  hollow-faced  cam  is  probably  most  common.  This 

type  of  cam  (Fig.  10-20)  differs  from  the  mushroom  cam  basically 
in  that  it  has  a   concave  flank  and  uses  a   roller  follower, 

deferring  to  Fig.  10-20,  from  the  geometry  of  the  figure, 

OK 

OC 

OC  = 

OK  = 

OMa,  - 

M:,K  = 

=   cos  d 

=   Kb  *4“  Kfl 

OM^  +   M^K 

Rb  "b  Lx  +   Rf 

VMa:C^  ~   CK^  = Rf)~  —   {Rb  Rfl^^  sill“  9 

Hence 

Rb  +   Lx  +   Rf  “b  “%/ {Rfl  —   RfY"  ““  {Rb  +     

*   Rs  +   Rfz.  
"   ' 

From  which  the  lift  on  the  flank  circle  is 

Lx  “   {Rb  “4“  Rfl)  COS  0   —   'S/^ {Rfl  —   Rf)“  {Rb  Rfl)  “   siil“  8 

—   {Rb  +   Rf)  (10-25) 

For  the  velocity  on  the  flank  circle, 

_   dLx  _   dLx  ,,  de  __  27rA^  dLx  _ 

dt  de  ̂    dt  12  X   60  de 

Fx  =   0.00873iV  ̂ [(Fb  +   Ri^i.')  cos  e 

—   Rr)“  ' —   (,Rs  “1“  Rfl}~  sin“  B   —   (Rb  “!~  1?/')] 

=   0.00873iV  ̂ -(Rb  +   Rfl)  sin  6 

(Rb  +   Rfl)-  sin  8   cos  8 -   Rf)- 

V X   ~   0.00873A^(-/gs  ~i~  Rfl)  sin  B 

<   (Rb  +   Rfl)  COS  & 

\[(Rfl 

4 

Rb)-  -   {Rb  +   Rfl)-  sin-  f 

{Rb  4~  Rfl)-  sin-  0] 

l\  (10-26) 

For  the  acceleration  on  the  flank  circle 
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j   _   X       dJ  X   ̂        2iirN  dVx 

dt  de  ̂    dt  60“  ̂    'W 

0.00091 4.¥=(i2^  +   ̂  
ad 

^sin
  0 

(r 

    (^J5  "“h  Rfl)  cos   
Rf)“  —   (,Rb  ~1"  Rfi)“  sin^ 

Rfl) 

(^Rb  "‘f"  Rfz)  cos  2i$   

■   Rfl)^  sin  2 

RflY  sin-  d   cos-  d   . 

■   Ufl)^  sin2  ~   '"/■  (10-2~) 
the  nose  circle,  the  hollow-faced  cam  with  roller  follower 

IS  the  same  as  the  tangent  cam  with  roller  follower.  Hence 
for  the  hollow-faced  cam, 

ForZi^,  use  Eq.  (10-4). 
For  Vy,  use  Eq.  (10-5). 
For  Ay,  use  Eq.  (10-6). 
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As  with  tangent  and  mushroom  earns,  the  parts  of  hollow-faeed 

cao^s  are  definitely  related.  When  applied  to  radial-engine  earn 

rings,  the  radius  of  the  base  circle  Rb  is  no  longer  determined  from 

shaft-stiffness  requirements  but  instead  is  based  upon  the  gear- 

drive  dimensions  (see  Par.  10-9).  The  lift  Lm  is  determined  from 

valve  and  volumetric  efficiency  requirements,  and  the  radii  of  the 

nose  circle  Rn^  and  the  roller  follower  R^  are  assumt^d.  The  angle 

CL  is  no  longer  one-fourth  of  the  total  valve  open  time,  but  is 

ot 
total  valve  open  time,  deg. 

2R 
(10-2S) 

■where  R   =   r.p.m.  (10-34)]. 
cam-ring  r.p.m.  

^   .   i 

Trom  Fig.  10-21,  the  distance  between  the  base  and  nose  circle 

centers,  h   {=  OP),  is 

h   —   Rb  ~f“  Lm  —   j (10-29) 

For  the  radius  of  the  flank  circle, 

also 

JEP  —   h   sill  <x 

EP  =   {R  FL  +   Rx)  sin  5 

h   sin  OL 

sin  8   == 

sin-  8 

(Rfl  H“  i^-v) 
/i-  sin“  cx 

(Ah.-/,  -f  Rxy- 
Rb  —   P lE  OE  =   h   cos  OL 

TiE  ̂    Rb  —   h   cos  cx 

Rfl  d”  T lE  =   OE  =   {Rfb  d~  Rx)  cos  S 

TiE  =   {Rfl  +   Rx)  cos  8   -   Rfl 

Combining  (5)  and  (c) 

cos  8   = 

•   cos^  8   - 

“f"  Rfl  —   h   COS  cx 

Rfl  dr  Rx 

{Rb  d~*  Rfl  —   ̂   COS  q:)“ 
_ 

(a) 

(5) 

(c) 

{d) 

adding  (a)  and  (d) 

,   sin-  (X  {Rb  d“  Rfl  —   h   COS  Of)- 
sin^  5   +   CO.S--  5   =   ->  (RTT+^W^ 

From  which 

(Rfl  +   RsY-  =   h-  sin^a;  -|-  (Rb  +   Rfl  —   h   COS  «)  = 
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Sohing  this  expression  for  the  radius  of  the  flank  circle  gives 

=   ~~  ^.Rsh  cos  oc 

cos  a.)  ~ 
Again  referring  to  Fig.  10-21, 

km.  cm^ 

but 

Hence 

Also 

tan  Om  = 

but 

EP 
CP 

EP  =   h   sin  cx 

CAT.  = CP  —   Rjtl  +   i^iV 

(Ri’L      Rf\  j 
+   rA  ̂ 

OK  (OC  ~   CK) 

OC  =   Rjb  +   Rjpjj 

CK  =   CAf.  cos  S   =   (Rjtl  —   Rip)  cos  5   — 

a/(Rfl  Rr)'^  (1  —   sin^  5) 

From  step  (a)  in  the  development  of  Eq.  (10-30), 

h   " 

sin^  d   = 

Hence 
(R, 

Rxy 

Rf^  ■ 
Combining  (6),  (c),  and  (d), 

KMq  = 

combining  (a)  and  (e) 
&M  =   arc  tan ^FL, 

sin^  (X 

{Rfjl  “b  R. 

sin 

+ 
in2  a   “j) +   RnY^  J/ 

(10-30) 

(a). 
ih) 

'   cos^ 

tan  Sm  {e) 

'^{Rb  +   Rp^)  -   ̂’(Rjr^  -   Ei.)2  1^1 M   =   Oi      0M 

sin^  cx 

(Rfb  Rn-)'^ 

(10-31) 

(10-32) 
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When  a   period  of  dwell  is  used  with  the  hollow-faeed  cam, 

Eqs.  (10-30),  (10-31),  and  (10-32)  may  be  used  by  replacing  a   by 

(q,  —   0-)  where  o*  =   dwell  angle  2.  As  in  the  ease  of  tangential 
cams,  the  period  of  dwell  is  somewhat  optional,  but  as  the  radius 
of  the  nose  circle  is  reduced,  the  spring  load  to  keep  the 
follower  on  the  cam  increases  rapidly  [Eq.  10-6],  If  Rx  is 
maintained  large,  then  the  radius  of  the  flank  circle  R^l  is  smaller 

[Eq.  (10-30)]  and  the  acceleration  on  the  flank  Ax  increases. 
Thus  the  period  of  dwell  is  limited  either  by  the  allowable  spring 
load  or  by  the  stress  at  the  line  of  contact  between  the  roller 

follower  and  the  flank  circle. 

Fig.  10-22. — Schematic  arrangoment  of  usual  cam-ring  drives  for  radial 
engines.  (^4.)  For  opposite  rotation  of  cam  ring  and  crankshaft.  (i5)  For  same 
direction  of  rotation  of  cam  ring  and  crankshaft. 

10-9.  Radial-engine  Cam  Rings. — Four-stroke-cycle  radial 

engines  have  an  odd  number  of  cylinders  per  bank  to  permit  even 

firing,  and  for  such  engines,  a   cam  ring  containing  more  than 

one  cam  is  generally  used.  Usually  two  rows  of  cams  are  used 

(one  row  for  intake  and  one  row  for  exhaust  valves),  both  rows 

of  cams  are  integral  with  the  same  cam  ring,  and  this  ring  is 

concentric  with  and  connected  by  suitable  gearing  to  the  crank- 

shaft (Fig.  10-22). 
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Each  intake  cam  operates  the  intake  valves  of  all  cylinders  in 

succession,  and  the  corresponding  action  occurs  with  each  exhaust 

cam.  Hence  the  cam  ring  must  rotate  at  such  a   speed  that  X 

intake  cams  operate  Y   intake  valves  in  two  revolutions  or 

720  deg.  of  crankshaft  travel. 

For  opposite  rotation  of  cam  ring  and  crankshaft  (Fig.  10-23), 

cam  A   is  just  ready  to  operate  the  follower  of  No.  1   cylinder. 

Usual  cylinder  numbering  is  in  succession  in  the  direction  of 

rotation;  hence  the  next  cylinder  to  start  the  event  is  No.  3,  and 

the  next  will  be  No.  5.  But  for  purposes  of  this  analysis,  it  is 

preferable  to  number  the  cylinders  in  the  order  of  firing  or  cyclic 

sequence,  and  this  method  of  numbering  is  indicated  in 

parentheses  adjacent  to  the  usual  numbering. 

For  an  engine  of  Y   cylindei's  (Fig.  10-23),  No.  (2)  valve  will 

start  to  open  720/ F   deg.  after  the  start  of  No.  1   cylinder, 

and  to  be  in  position  to  accomplish  this,  cam  B   will  have  to  move 

through  an  angle  of  4   deg.  For  X   equally  spaced  cams, 

.   360  720 

A   =   ̂  

If  there  are  more  than  two  cams,  the  third  cam  will  have  to 

move  through  an  angle  of  2A  [=  (3  —   1)A]  to  operate  valve  (3), 
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and  cam  X   ̂dll  have  to  move  through  an  angle  of  (X  —   1)Jl 

to  operate  valve  (^0  When  cam  X   is  ready  to  operate 

its  valve,  cam  A   will  also  have  moved  through  (X  —   1)A  deg.; 

(Y  -f-  l\ 

— 2 —   /   i^ioving  an  addi- 
tional angle  A   or  a   total  motion  of  (X  —   1   +   1)A  =   XA  deg. 

But  this  distance  that  cam  .4  moves  from  the  start  of  opening 

c^alve  (1)  to  the  start  of  opening  valve  ̂    is or 

from  which =   X   (?!>  -   ™) 
(10-33) 

Y   4-  1 When  cam  A   has  reached  valve  all  the  other  cams 

will  be  in  the  same  respective  position  as  when  cam  *4  started 

to  operate  valve  (1);  hence  one  row  of  X   cams  can  operate  all 

the  intake  valves  for  Y   cylinders,  and  a   parallel  row  of  X   cams 

attached  to  the  same  cam  ring  can  operate  all  the  exhaust 

valves. 

In  the  preceding  analysis,  when  the  crankshaft  turned  through 

720/ F   deg.,  the  cam  ring  turned  through  an  angle  of  A   deg.  in 

the  opposite  direction.  Thus  the  speed  ratio  is 

_   720/F  720/F 

A   (360/X)  -   (720/1^)  (360r/720X)  -   1 

but  from  Eq.  (10-33) 

hence 

R   = 360  y 

from  which 

R   ̂   Y   -   1 (10-34) 
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or  the  ratio  of  cam  ring  r.p.m.  to  crankshaft  r.p.m.  is 

1   _   1 
R   Y   -   I 

(10-35) 

B3"  a   similar  line  of  reasoning  to  the  above,  it  can  be  demon- 

strated that  for  the  sa77ie  dmection  of  rotation  of  the  cam  ring 

and  crankshaft  the  number  of  cams  required  is 

Z'  = 

(10-36) 

and  the  ratio  of  crankshaft  to  cam  ring  r.p.m.  is 

J?'  =   F   -b  1   '   .   (10-37) 

In  general,  opposite  rotation  of  the  cam  ring  to  crankshaft  is 

desirable  because  fewer  cams  have  to  be  accurately  machined  on 

the  cam  ring  and  because  the  relative  velocity  between  the  cam 

ring  and  follower  rollers  is  usually  less  than  for  the  same  direction 

of  rotation. 

Because  the  drive  gear  attached  to  the  crankshaft  and  the 

driven  gear  to  which  the  cam  ring  attaches  are  concentric 

about  the  crankshaft  axis,  some  limitations  are  placed  on  the 

possible  gear-tooth  combinations  that  will  give  the  correct 

crankshaft/cam-ring  ratio  R   or  R\  It  is  usually  not  desirable 

for  any  gear  to  have  less  than  12  teeth,  and  to  keep  down  weight, 

and  relative  velocity  between  the  cam  ring  and  roller  follower, 

the  largest  gear  should  have  a   small  over-all  diameter.  Also 

care  should  be  exercised  to  see  that  the  gears  do  not  interfere 

with  adjacent  parts. 

Referring  to  Fig.  10-22,  it  is  seen  that  for  opposite  rotation  of 

crankshaft  and  cam  ring  (case  A)  the  gear  train  is  a   special  case 

of  compound  epicyclic  gearing  in  which  the  arm  (A,  Table  A3-7) 

does  not  revolve.  From  case  1   of  Table  A3-7,  the  speed  mtio 

of  the  driven  gear  to  the  drive  gear  is 

_   NsNp 
R 

{a) 
where  R   ==  ratio  of  crankshaft  to  cam  ring,  r.p.m. 

Ns  =   number  of  teeth  on  the  drive  gear  B,  Fig.  10-22A. 

N PG  =   number  of  teeth  on  the  pinion  gear  Pq,  Fig.  10-22A. 

Ng  ~   number  of  teeth  on  the  driven  gear  G,  Fig.  10-22A. 

N PS  =   number  of  teeth  on  the  pinion  gear  Ps,  Fig.  10-22 A. 
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From  Fig.  10-22.4  it  is  apparent  that 

Ds  +   Dps  =   Dg  —   Dpa  (10-38) 

where  D   =   the  pitch  diameter  of  the  various  gears  designated 
by  the  subscripts.  But 

where  N   =   number  of  teeth  in  the  gear. 
Pd  =   diametral  pitch. 

Hence,  for  all  gears  having  the  same  diametral  pitch,  Eq.  (10-3S) 
becomes 

N s   -p  PS  =   IS/‘ G   —   -Vj  (10-39) 

Suitable  gear-tooth  combinations  must  satisfy  both  Eqs. 

(10-37)  and  (10-39),  and  with  so  many  unknowns,  a   trial  solution 
is  necessary.  However,  the  problem  may  be  simplified  by 

assuming  ratios  of  Ns/]^ps.  Thus,  for  a   seven-cylinder  single- 

bank radial  engine  with  opposite  crankshaft  and  cam-ring  rota- 

tion, from  Eq.  (10-34),  R   =   6.  Assuming  Apo  =   12  teeth  and 

Ns/Nps  =   1,  from  Eq.  (10-37) 

1   12 
or  Ng  =   72  teeth 

since  from  the’  foregoing  assumption  Ns will  be  satisfied  when 

Hence 

2Ns  =   72-12 

N s   =   N PS  =   SO  teeth 

Eq.  (10-39) 

Several  other  gear  combinations  are  given  in  Table  10-2, 

some  of  which  are  more  desirable  than  others.  In  general,  the 

best  combination  is  one  which,  for  the  desired  minimum  number 

of  teeth  on  the  smallest  pinion,  giyes  the  lowest  number  of  teeth 

on  the  internal  gear  without  interference  of  parts  anywhere. 

The  minimum  chance  for  interference  between  the  crankshaft 

and  pinion  Pg  will  exist  when  N pg  is  small  numerically.  Over-all 

dimensions  will  be  least  w'hen  Ng  and  A" ps  are  small  numerically. 



24(S 
AIRCRAFT  ENGIN^E  DESIGN 

Table  10-2. — REDrcTioN-OBAR  Tooth  Combination^^  Suitable*  for 

Compound  Epicyclic  Gear  Trains  as  Applied  to  Radial-engine^ 
Cam-ring  Drwes 

p 

^   NsNpG 

-f-  N rs  =   ATg  —   N pG 

—   crankshaft  r.p.m. 
~~  cam-ring  r.p.m. 

N   =   number  of  teeth 

Ns 
5-cyL  radial,  R   —   4: 7-cyL  radial,  R 

=   6 

9-cyl.  radial,  R 

=   8 

N   PS 
Npg 

Nps 

Ng 

Npg Nps 

Ns 

Ng 
Npg 

Nps 

Ns Ng 

H 12 
18 18 48 

12 30 

30 

72 

12 

42 42 96 

14 21 21 56 
14 

35 
35 

84 

14 

49 

49 

112 
16 

24 24 

64 

16 
40 40 

96 

16 
56 

56 

128 

18 

;   27 

27 

72 

18 
45 

45 

108 
18 

63 

63 

144 

.1 
12 1   28 

56 
96 12 

44 
88 

144 

12 

60 

120 

192 

15 

1   35 
70 

120 
15 

55 
110 

180 16 

80 

160 
256 

J-2  1 
36 

24 12 

72 

18 

24 
12 

54 
12 

24 

12 

48 

39 

26 13 78 

21 
28 

14 

63 

24 

48 

24 

96 

42 
28 

14 

84 24 
32 

16 

72 

36 
72 

36 
144 

15 
30 

45 
90 15 

48 

72 135 15 66 

99 

ISO 

20 42 63 
120 

20 64 

96 180 20 88 
132 

240 

«>  /' 73 
24 24 16 

64 20 
36 

24 

SO 
15 

39 

26 

80 

1 

30 
78 

52 160 

H 28 
32 

24 
84 

28 56 
42 126 

14  j 

40 

30 

84 

21  ! 

60 

45 
126 

H 
18 

32 
40 90 

IS 

52 
65 

135 

H ! 

15 

48 42 105 

As  far  as  satisfying  Eqs.  (10-37)  and  (10-39)  is  concerned.  Howev'er,  before  definitely 

selecting  anj'  particular  combination,  a   layout  to  scale  should  be  made  to  check  on  inter- 
ference of  parts. 

10-10.  Example  of  Radial-engine  Cam  Calculations. — Determine  dimen- 

sions and  accelerations  for  a   hollow-faced  cam  to  operate  the  inlet  valves 

on  a   seven-cylinder  radial  engine.  Available  data  are  as  follows:  inlet  Amlve 

opening,  15  deg.  before  top  center;  inlet  valve  closing,  65  deg.  after  bottom 

center;  maximum  lift  of  roller  follower,  0.5  in.;  diameter  of  roller  follower, 
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1   in.;  diameter  of  engine  crankshaft,  3   in.;  opposite  rotation  of  crankshaft 
and  cam  ring;  speed  of  engine,  2,000  r.p.ni. 

Procedure.  From  Eq.  (10-33),  the  number  of  inlet  earns  required  will  be 

From  Eq.  (10-34),  the  ratio  of  crankshaft  speed  to  cam-ring  speed  will  be 
=   7   -   1   =   6 

From  Table  10-2,  tentatively  select 

N PG  —   18,  Nps  =   45,  =   45,  A'g-  ~   108 

Since  the  loads  to  be  transmitted  will  not  be  excessive,  14  Vij-deg.  involute 

gears  should  be  satisfactory,  and  a   diametral  pitch  of  12  (see  Table  8-7) 
should  be  low  enough.  The  pitch  diameters  corresponding  will  be 

Dpg  =   1.5  in.,  L>p3  ■   3.75  in., 

=   3.75  in.,  Dg  =   “   0   in. 

The  diameter  of  gear  S   will  have  to  be  sufficient  to  permit  a   hole  center  large 
enough  to  slip  over  the  crankshaft. 

From  Table  A3-3 

dedendum  is 

1.157  1.157 

the  minimum 

12 
=   0.0964  in. 

and  3.75  -   2   X   0.0964  =   3.5572  >   3 

in.,  hence  the  sun  gear  S   will  be 

sufficient.  The  gear  Pg  will  have 

to  fit  in  place  without  touching  the 

crankshaft,  and  from  Table  A3-3 
the  addendum  is 

i   =   ̂   =   0.0833  in. 

The  center  distance  between  the 

crankshaft  and  Pg  is 

Do      DpG      9       1.5 
2   2   2   ^ 

=   3.75  in. 

and  as  3.75  >   (1.5/2)  -f-  0.0833  A   =   2.3333  in.,  the  pinion  gear  Pg  will 

fit  in  place  without  interference.  The  layout  of  the  pitch  circles  for  the 

various  gears  is  shown  in  Fig.  10-24. 

The  cam  ring  is  usually  made  a   part  of  the  internal  gear  G   either  integrally 

or  by  attachment;  hence  a   logical  value  for  the  radius  of  the  base  circle 

(Fig-  10-24)  is  Rb  =   5   in. 

From  Eq.  (10-28), 

15  +   ISO  +   i 
2X6 21.666°  21°40' 
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.Vssuiiie  the  radius  of  the  nose  circle  is  Rn  =   1.25  in.  Then  from  Eq. 

1 10-29) 

=   5   +   0.5  —   1.25  =   4.25  in. 

From  Eq.  (10-30),  the  radius  of  the  flank  circle  is 

4.25^  -F  52  —   1.25=  —   2   X   5   X   4.25  X   0.9293 

2(1.25  -   5   +   4.25  X   0.9293) 

From  Eq.  (10-31), 

6m  =   arc  tan 

from  'vvhich 

+   5.05)  —   ]   (5.05  -   0.5)=  1 

4.252  X   0 

(5.05  +   3 

>.369221)  I 
1.25)2  )] 

21°40'  — 
Cam-ring  dimensions  and  the  general  arrangements  are  shown  in  Fig. 

(10-25), 

Fig.  10-25. — Cam-ring  layout  for  the  radial  engine  in  the  Example  of  Par.  10-10. 
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The  acceleration  on  the  hank  circle  may  be  found  by  means  of  Eq.  i   lt>-2r  . 
For  example  at  0   = 

.4;.  =   0.000914  (5  +   5.05) 

  (5  +   5.05)  X   0.9230   

H(5.05  -   0.5)=“  -   (5  +   5.05)2  X   0.19622|‘2 

,   (5  +   5.05)°  X   0.1962°  X   0.9806°  1 

[(5.05  —   0.5)2  _   (5  _|_  5.05)2  X   0.190221*^ 

Ax  ==  1,7SS  ft.  per  see,- 

The  acceleration  on  the  nose  circle  may  be  found  from  E<|.  (10-6).  h'or 

example  at  <f>  =   10°21', 

.Iv  =   -0.000914  4.25  [o.98375  +   ̂    ̂̂ ^.^7972 4.25'^  X   0.35352 

4(1.752  —   4.252  X   0.17972.  - 

Ay  ̂    1,780  ft.  per  sec. 2 

These  values  of  Ax  and  .4  r   together  with  the  accelerations  for  other  values 

of  0   and  4>  are  shown  in  Fig.  10-26. 

of  reducing  the  radius  of  the  nose 

circle  from  iSv  —   1.25  to  Rn  —   0.5 

in.  In  this  latter  case,  it  is  seen 

that  spring  loads  increase  quite 

rapidly  indicating  that  a   period  of 

dwell  would  be  limited  by  the  ability 

of  the  spring  to  keep  the  follower 

on  the  cam. 

In  addition,  Fig.  10-26  shows  the  effect 

^   cx.   > 

2000 

10-11.  Cam  Ramps. — Ow- 

ing to  difference  in  tempera- 

ture rise  from  cold,  or  idling, 

conditions  to  hot,  or  full- 

throttle,  conditions  of  the  vari- 

ous parts  of  the  valve  gear  and 

the  cylinder,  a   difference  in^ 

expansion  of  the  parts  usually 

results  which  necessitates  pro- 

viding for  valve  clearance  to 

prevent  the  valve  being  held 

J   1000 i   2000 

4000^ — I — I- 0   4   8   12  16  20n4  2   8   32  36  40  43*20’ 

2r40’ 

Cam  ring  rotation  .   deg. 

Fig.  10-26. —   (.4)  Acceleration  curve 
for  the  radial-engine  cam  in  the  Example 

of  Par.  10-10.  (JS)  Effect  of  reducing 
the  radius  of  the  nose  circle  from 

Rx  —   1.25  to  Rx  =   0.5  in. 

slightly  off  its  seat  at  some  conditions  of  engine  operation.  This 

clearance  is  of  the  order  of  0.005  to  0.015  in.,  depending  upon 

the  arrangement  of  parts,  and  it  is  sufficient  to  change  the  valve 

timing  appreciably  between  the  cold  and  hot  conditions  of 
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operation.  For  engines  in  which  quietness  of  operation  is  a 

factor  as  well  as  more  accurate  valve  timing  and  reduced  shock 

loading  on  the  cam,  cam  ramps  are  used.  These  quieting  ramps 

may  be  made  in  various  ways/*-  and  in  general  they  consist  of 
an  incline  occupying  15  to  30  deg.  of  camshaft  travel  and  a   rise 

equal  to  the  clearance.  The3^  may  be  incorporated  by  reducing 

Rb  by  the  amount  of  the  clearance  and  then  connecting  this 

undercut  base  circle  with  the  point  <9  =   0   by  means  of  the  ramp. 

Figure  10-27  shows  the  effect  of  a   cam  ramp  without  clearance, 

wherein  the  follower  rides  on  the  base  circle  Rb,  but  with  clear- 

Fig.  10-27. — Effect  of  cam  ramp  in  reducing  shock  and  noise,  (Note:  See 
page  112  of  Reference  10  for  ramp  formula.) 

ance,  the  follower  will  not  bear  against  the  base  circle.  For 

instance,  with  0.010-in.  clearance  the  follower  will  strike  the 

flank  at  B   or  (7  at  a   much  sharper  angle  than  it  would  at  A 

without  clearance.  Hence  the  shock  will  be  greater  with  clear- 

ance, and  it  is  seen  from  the  figurqthat  the  shock  with  mushroom 

cams  is  greater  than  with  comparable  tangent  cams  because 

Pm  <   pT-  With  the  cam  ramp  and  anywhere  from  0-  to  0.010-in. 
clearance,  the  follower  will  strike  the  flank  at  A   and  the  shock 

will  be  less  severe  because  P   is  much  greater  than  Pm  or  pT-  This, 
in  turn  will  mean  quieter  operation. 

In  aircraft  engines,  cam  ramps  are  probably  less  important 

than  in  automobile  engines  (a)  because  quiet  idling  is  less 
essential,  (6)  because  the  noise  of  the  cam  cannot  be  heard 
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above  the  roar  of  the  uiimuffled  motor  and  propeller,  (c)  because 
the  clearance  can  usually  be  set  correctly  for  the  iiiiich  narrower 

operating  range,  and  (d)  because  aircraft  engines  most  commonly 

use  tangent  or  hollow-faced  cams  that  are  inherently  less  noisy 
from  this  source. 

Automatic  clearance  adjusters  are  of  interest  in  this  connec- 

tion since  they  maintain  the  clearance  at  zero  wdthout  danger  of 
T I   me 

  y. 

Mor 

<■  -   Power 

180  360 
BOC  TDC 

-   -■  Exhaust  -   “ 

540  ■   720 

,   ,   BDC  TDC 
Intake 

Fig.  10~2S. — Method  of  determining  inlet-  and  exhaast-eain  spacing.  (^4) 
Valve-timing  diagram  referred  to  crankshaft.  (^)  Cam  spacing  for  opposite 
rotation  of  crankshaft  and  camshaft,  and  (C)  for  same  direction,  of  rotation. 

holding  the  valves  off  their  seats  and  are  therefore  probably 

the  best  solution  to  the  problem.  Figure  10-2  shows  one  type 

of  adjuster  as  used  on  the  Franklin  engine. 

10-12.  Cam  Spacing. — The  angular  spacing  of  the  inlet  and 

exhaust  cams  on  the  camshaft  or  cam  ring  depends  upon  the  valve 

timing,  ratio  R   of  crankshaft  to  camshaft  or  cam-ring  speed,  and 

upon  the  firing  order.  Referring  to  Fig.  10-28, 
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77  =   the  angular  travel  of  the  ’   crankshaft  from  inlet- 

valve  opening  (I.V.O.)  to  inlet- valve  closing 

(LV.C.). 

=   the  angular  travel  of  the  crankshaft  from  exhaust- 

valve  opening  (E.V.O.)  to  exhaust-valve  closing 

(E.Y.C.). 
M.O.I,  =   mid-opening  position  of  the  inlet  valve. 

IM.O.E.  ==  mid-opening  position  of  the  exhaust  valve. 

X   =   the  angle  between  M.O.E.  and  M.O.I.  measured 

according  to  cyclic  sequence. 

From  the  figure, 

360  -   X   =   -   I.V.C.  +   ̂   -   E.V.O. 

or 

X   =   I.Y.C.  +   E.Y'.O.  +   360  (10-40) 
and 

(10-41) 

whei'e  €   =   the  angle  between  the  exhaust  and  inlet  cam  measured 

according  to  cyclic  sequence. 

^   _   crankshaft  r.p.m. camshaft  (or  ring)  r.p.m. 

For  example,  in  a   four-cylinder  opposed  engine  having  a 

valve  timing  of  inlet- valve  opening,  15  deg.  before  top- center; 

inlet-valve  closing,  65  deg.  after  bottom  center;  exhaust-valve 

opening,  60  deg.  before  bottom  center;  and  exhaust- valve 

closing,  20  deg.  after  top  center, 

y,  =   IB  ■+-  180  +   65  =   260  deg., 

=   60  -h  180  +   20  =   260  deg. 

and  from  Eq.  (10-40) 

X   =   65  +   60  -   ̂    +   360  =   225  deg. 

From  Eq,  (10-41), =   112.5 

For  a   seven-cylinder  radial  engine  using  the  preceding  valve 
timing  and  opposite  rotation  of  the  crankshaft  and  cam  ring, 
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R   =   6   [Eq.  (10-34)],  and 
€   =   2   25  -   =3  37  5 

To  permit  closer  axial  spacing  of  the  inlet-  ttnd  exhaust-cam  races 
and  to  place  the  center  lines  of  the  followers  more  nearlv  coin- 

cident with  the  center  lines  of  the  push  rods,  radial-engine 

followers  are  usually  offset  so  that  their  axes  form  a   small  angle 

to  the  plane  containing  the  corresponding  cylinder  center  line 

and  the  crankshaft  center  line.  Thus  in  Fig.  10-29,  the  angle 

r/2  represents  the  amount  of  offset.  Obviously,  from  the 

geometry  of  this  figure,  the  angular  spacing  between  inlet  and 

exhaust  cams  is  e   ±   r,  and  since  all  inlet  cams  are  equallv  spaced, 
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this  locates  all  cams  on  the  cam  ring.  For  the  foregoing  seven- 
o\-iiiider  engine,  if  r   =   20  deg.. 

e   +.r  =   37.5  +   20  =   57.5  deg. 

In  in-line  and  opposed  engines,  usually  all  cams  for  all  cylinders 
are  on  the  same  camshaft,  and  the  angular  spacing  of  like  cams 

F/ring  oroier  :   I -4-2"  3 
Propeller  end 

§1^ 

a 
T 

Fia.  10-30.- 

I 
ir 

iJ.'O 

4J 

'   I 

1^ 

'tJjICj 

i|] & 
-Method  of  locating  the  cams  on  the  camshaft  of  a   four-cylinder opposed  engine. 

must  be  determined  from  a   consideration  of  firing  order,  arrange- 
ment of  the  crank  arms,  and,  as  applies,  the  angle  of  the  cylinder 

banks.  Ihus  for  a   four-cylinder  opposed  engine  having  the 
usual  crank-arm  arrangement  (Fig.  5-13),  and  a   firing  order  of 
1-4-2-3  the  cams  trill  be  as  in  Fig.  10-30.  Frequently,  to  pro- vide clearance  between  the  camshaft  and  crank  arms,  the 
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camshaft  is  offset  so  that  the  center  lines  of  the  cam  followers 

form  an  angle  m   with  the  plane  of  the  cylinder  banks.  Then  the 

angle  ̂    between  the  planes  of  the  cam  followers  is  not  equal  to 

180  deg.  To  locate  the  cams  (Fig.  10-30),  center  exhaust  cam  1 

on  cam-follower  center  line  1.  Locate  inlet  cam  1   back  against 
camshaft  rotation  an  amount  equal  to  e   [see  Eq.  (10-41)]. 

Cylinder  4   fires  180  deg.  of  crankshaft  travel  after  cylinder  1. 

Hence  exhaust  cam  4   wall  be  located  ^^94  =   against 
rotation  from  the  center  line  of  follower  4.  Inlet  cam  4   will  be 

located  €   deg.  against  i;otation  from  exhaust  cam  4.  Cylinder  2 

fires  360  deg.  after  cylinder  1.  Hence  exhaust  cam  2   will  be 

located  180  deg.  against  rotation  from  the  center  line  of  inlet 

follower  2,  and  inlet  cam  2   will  be  back  €   deg.  against  rotation 

from  exhaust  cam  2.  INTumber  3   cylinder  fires  540  deg.  after 

No.  1   cylinder.  Hence  exhaust  cam  3   will  be  located  270  deg. 

back  against  rotation  from  the  center  line  of  exhaust  follower  3, 

and,  as  before,  inlet  cam  3   will  be  e   deg.  back  of  exhaust  cam  3. 

In  Fig.  10-30,  €   =   112.5  deg.,  g   =   5   deg.,  and 

7]  ==  180  —   2   X   5   =   170  deg. 

Location  of  cams  on  in-line  engine  camshafts  differs  from  the 

preceding  mainly  in  that  97  =   0   deg.,  i.e,,  all  cam  folio w’ers  are 
in  the  same  plane  and  point  in  the 

same  direction.  For  more  than  four 

c^iinders  in  a   line,  how^ever,  the  angle 

of  the  engine  cranks  is  not  usually  180 

deg.  V -engines  using  a   separate  cam- 

shaft for  each  bank  of  cylinders  may 

be  treated  similarly  to  in-line  engines. 

V-engines  having  one  camshaft  may 

be  treated  as  opposed  engines  with 

the  added  consideration  of  angle  of 

the  banks  different  from  ISO  deg. 

10-13.  Cam  Loads. — The  load  on  a 

cam  is  a   force  normal  to  the  common 

tangent  to  the  cam  and  f ollow^er.  This 

normal  force  may  be  broken  dowui  into  a   force  along  the  eam-follow\^r 

axis  and  a   side-thrust  force  perpendi(*ular  to  the  t*am-foll()  wer  axis 

and  in  the  plane  of  the  cam.  Thus  in  Fig.  10-31,  F,i  is  the  force 

along  the  cam-follow^er  axis,  is  the  force  normal  to  the  cam,  and 

Flu.  10-31.- —   Forces  acting  on 

tangent  cam  flank. 
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Fst  the  resultant  side  thrust.  For  the  straight  flanks  of 

tangent  earns,  the  relations  between  the  forces  are 

Fs  = 

cos  6 

and 

Fst  =   Fx  sin  9 

(10-42) 

(10-43) 

where  6   —   angular  cam  travel  from  initial  opening. 

For  mushroom  cams  with  fiat-faced  followers,  Fx  =   Fa  and 

Fst  ̂    0. 

For  the  flanks  of  hollow-faced  cams  (Fig.  10-32),  the  angle 

relating  Fst,  and  Fx  is  a   function 

of  6,  Thus,  in  Fig.  10-20 

CK  =   {Rfl  +   Rb)  sin  6 
also 

CK 
hence 

=   arc  sin 

(   Rfl  +   i 

{Rfl  —   Rf^  sin  Ip 

Fig.  10-32. — Forces  acting 

hollo w-faced-eam  flank. 

And  from  Fig.  10-32, 

(10-45) 
cos  \p 

F ST  —   F X   sin  •   (10-4:6) 

The  total  force  along  the  cam- 
follower  axis  Fa  is  the  resultant  of 

the  €quivale7it  mass  (referred  to  the  cam)  of  the  reciprocating 

part  of  the  valve  gear  times  the  acceleration  of  the  follower  plus 

the  spHng  load  plus  the  gas  pressure  acting  on  the  valve  head. 

Considering  these  in  order,  the  equivalent  mass  of  the  reciprocat- 

ing parts  of  the  valve  gear  may  be  found  as  follows: 

Let  M EC  =   equivalent  mass  of  the  reciprocating  parts  referred 

to  the  cam  {i.e,,  AIec  is  a   mass  such  that  it  will 

produce  the  same  force  along  the  cam-follower 

axis  that  all  the  various  individual  masses  together 

produce). 

weight  of  cam  follower  +   one-half  weight  of 

push  rod  considered  concentrated  at  the  cam,  lb. 
Wi  = 
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W <2,  =   one-half  weight  of  push  rod  considered  concen- 

trated at  the  push-rod  end  of  the  rocker  arm,  11>. 

W z   —   weight  of  the  rocker  arm. 

TF4  =   weight  of  valve  +   spring  retainer  +   one-third  of 

the  valve  spring  considered  concentrated  at  the 

valve  end  of  the  rocker  arm,  lb. 

K   =   radius  of  g>a*ation  of  the  rocker  arm,  in. 
dh  ==  distance  at  mid  lift  of  the  valve  between  the 

rocker-arm  fulcrum  and  the  axis  of  the  push  rod. 

di  =   distance  at  mid  lift  of  the  valve  between  the 

rocker-arm  fulcrum 

and  the  axis  of  the 

valve  stem. 

Rra  =   (5=:*  valvelift/cam 

lift  when  A   is  small). 

A   =   the  angle  between  the 
center  line  of  the  cam 

follower  and  the  cen- 

ter line  of  the  push  rod 

at  mid-lift  position. 

The  arrangement  of  the  various 

weights,  dimensions,  etc.,  is  shown 

diagrammatic  ally  in  Fig.  10-33. 

For  the  equivalent  mass  ALezc  rangement  for  push-rod  and 

referred  to  the  cam  follower  (axis  rocker-arm  type  of  overhead 

A),  the  kinetic  energy  of  rotation  
gear. 

of  the  rocker  arm  must  be  considered.  Thus  the  torque  at  the 

push-rod  end  of  the  rocker  arm  to  accelerate  mass  AI3  is 

Tz  = 
X   dh  =   .   X   dh  =   I3  X   cxa cos  A 

JU  X   K   -   X 

9 

A.. 

cos  A 

where  subscripts  A   and  E   refer  to  axis  A   and  B   and  subscript  3 

refers  to  mass  3. 

E   =   force  along  an  axis. 

A   =   acceleration  along  an  axis. 

1 3   =   moment  of  inertia  of  mass  Mz. 

z=  angular  acceleration  of  the  rocker  arm. 
Hence 

where  Mesc  =   the  equivalent  of  mass  Ma  referred  to  the  cam. 



25S AIRCRAFT  EXGI\E  DESIGX 

tor  the  part  of  the  push  rod  considered  concentrated  at  the 
rocker  arm,  f.c.,  mass  d/o, 

= 

X   rfA  =   -   - 

w^. 

M. 

cos  A 

F _   TT’a  cos-  A Aj.  g 

J9.  'vv' 

-4^  cos  A 

where  Me^c  =   equivalent  of  mass  Afo  referred  to  the  cam. 
For  the  valve,  spring  retainer,  etc.,  considered  concentrated 

at  the  valve  end  of  the  rocker  arm,  i.e.,  mass  M4,, 

Ta  = 

F 4A X   dh 
li  X   Ka  =   X   d?  X 

Aa  cos  a 

or 

For  the  cam  follower,  tappet,  and  one-half  of  the  push  rod. 

Meic  = g 

id) 

or 

The  total  equivalent  mass  at  the  cam  is 

.Mec  =   Mesc  -|-  Mb‘io  +   Mbac  -f  Meio 

Mbc  =   - +   W2  -f cos=  A   4-  TFi  (10-47) 

■] 

During  the  acceleration  period  A"",  the  inertia  force  along  the cam-follower  axis  is 

AX  A^x  X   M EC  (10-48) 

where  Ax  =   acceleration  as  in  Eqs.  (10-3),  (10-16),  or  (10-27)  as applies. 

Mec  =   equivalent  mass  at  the  cam  as  in  Eq.  (10-47). Fax  =   accelerating  or  inertia  force,  lb. 

During  the  deceleration  period  Y,  the  force  along  the  cam- follower  axis  is 

Fjir  —   Ar  X   AIxc  (10-49) 

where  4,-  =   deceleration  as  in  Eqs.  (10-6),  or  (10-19),  as  applies. ^   ecpn valent  mass  at  the  cam  as  in  Eq.  (10-47). F.4r  =   decelerating  or  inertia  force,  lb. 
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During  the  deceleration,  the  maximum  force  Faym  necessary 
to  hold  the  follower  on  the  cam  is  the  resultant  of  the  maximum 

force  Fvym  exerted  along  the  valve  axis  T"  bv  the  valve  spring. 
From  Fig.  10-33, 

X   -Xth 

or  the  force  necessary  at  the  valve  spring  is 

rp          F AYM  ..-1  yjif  yc  AI E€ 

€iri  RrA  y^  cos  A   €m  X   Rra  yC  cos  A (10-50) 

where  Fjf.  =   force  necessary  to  overcome  friction  in  the  valve 
linkage. 

=   mechanical  efficiency  of  the  valve  linkage  and  may 

be  taken  as  85  to  90  per  cent, 

subscript  Af  denotes  maximum  values. 

The  spring  rate  is 

/   T7f  CTf  \ 

Lv' 

(10-51) 

where  Sr  —   spring  rate,  lb.  per  in. 

Sc  =   load  on  the  spring  when  .the  valve  is  closed. 

Lv'  =   lift  of  the  valve  corresponding  to  A   r.u. 

Q   =   1.1  to  1.5  usually. 
The  initial  load  must  be  (for  exhaust  valves)  sufficient  to  hold 

the  valve  on  its  seat  at  maximum  intake  depression  in  the  cyl- 

inder. This  intake  depression  is  of  the  order  of  20  in.  Hg 

(«  10  lb.  per  sq.  in.).  Hence  8c  ̂    10  X   .4^  where  is  the 

area  of  the  valve  head.  However,  the  initial  spring  load  may 

have  to  be  8c  =   1   to  3   X   10  X   A^  in  order  to  satisfy  the  require- 

ments for  a   suitable  valve  spring  (see  Par.  10-18). 

From  Fig.  10-33, 

ryf  =   Lb'  X   Rra  —   Fa'  X   Rra  X   COS  A 

and 

La'  —   Ly^  =   Ly  for  <f>  corresponding  to  Atm 

where  Ly  is  as  in  Eq.  (10-4)  or  (10-17)  as  applies. 

Then  Eq.  (10-51)  becomes 

c   =   Q(Fyy^r  -
   8d Ly^  X   Rra  X   COS  A (10-52) 
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With  the  spring  rate  Sr  and  the  initial  loading  Sc  known,  the 

force  exerted  by  the  spring  along  the  valve  axis  V   for  any  value 

of  valve  lift  Lv  becomes 

Fy  Sc 

and  the  corresponding  force  along  the  cam-follower  axis  A   due  to 

the  spring  is 

“ — v;  tr     r   =   Sr  X   Fa.  X   FLra  X   cos  A   +   Sc Cm  X   Fra  X   cos  A 

From  which 

X   La  X   Fra  X   COS  A   ”1“  Sc^Fra  X   cos  A   (10-53) 

where  Fas  =   force  along  axis  A   due  to  the  spring,  lb. 

Thus  the  total  force  along  the  inlet  cam-follower  axis  A   during 
acceleration  is 

F   AiTx  =   Fax  +   Fas  (10-54) 

where  Fax  is  as  in  Eq.  (10-48). 

Fas  is  as  in  Eq.  (10-53).  * 
And  the  total  force  along  the  inlet  valve  cam-follower  axis  A 

during  deceleration  is 

F   aity  =   Fay  +   F   AS  (10—55) 

where  Fay  is  as  in  Eq.  (10-49). 

Fas  is  as  in  Eq.  (10-53). 

To  keep  the  follower  in  contact  with  the  cam  during  the  deceler- 

ation, F ait Y   must  be  greater  than  zero. 

For  the  exhaust  valve,  in  addition  to  the  inertia  force  and 

spring  force  on  the  cam,  there  will  be  a   gas-pressure  force  during 

the  first  few  degrees  of  the  lift  period  due  to  the  pressure  in  the 

e3dinder  being  greater  than  in  the  exhaust  manifold.  This 

pressure  P ex  ~   Pd  —   Pa  [see  Eq.  (3-2)]  and  the  corresponding 
force  along  the  cam-follower  axis  A   is 

F aEX  =   X   P EX  X   A   Exv  X   Fra  X   cos  A   (10-56) 

where  A&’xr  =   area  of  the  exhaust  valve  head,  sq.  in.,  and  the 
total  initial  force  oh  the  exhaust  valve  cam  is 

F aetx  —   Fax  “h  F as  "b  F   AEX (10-57) 
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where  Fax  is  as  in  Eq.  (10-48),  lb. 

Fas  is  as  in  Eq.  (10-53),  lb. 

F aex  is  as  in  Eq.  (10-56),  lb. 

The  gas  pressure  P ex  drops  quickly  to  zero  after  the  exhaust 

valve  has  started  to  open  so  that  Faex  ̂    0   for  6   ̂    5   to  10  deg. 
of  cam  motion. 

10-14.  ^Example  of  Cam -load  Calculations. — Determine  (a)  the  valve 

spring  rate  and  (6)  the  cam  loads  for  an  overhead-valve  engine  using  push 

rods  and  rocker  arms.  Available  data  are  as  follows;  maximum  earn  lift, 

0.5  in.;  length  of  rocker  arm  from  fulcrum  to  push  rod,  1.5  in.;  length  of 

rocker  arm  from  fulcrum  to  valve,  2   in.;  angle  between  cam-follower  axis 

and  push-rod  axis  at  mid  lift,  5   deg.;  weight  of  cam  follow'er,  0.4  lb.;  weight 
of  push  rod,  0.3  lb.;  weight  of  rocker  arm,  0.5  lb.;  weight  of  valve  springs, 

0.24  lb.;  weight  of  valve,  0.7  lb.;  weight  of  spring  retainer,  0.1  lb.;  radius  of 

gyration  of  rocker  arm,  0.3  in.  Cam  same  as  for  Par.  10-5,  Example  a; 

diameter  of  valve  head,  2   in. 

Procedure  a, — For  Eq.  (10-47),  g   =   32.2  ft.  per  sec.®,  ir*  —   0.5  lb., 
2 

K   =   0.3  in.,  dh  =   1.5  in.,  <   =   2   in.,  Rra  =   yg  —   1.33,  Wt  =   0.15  lb., 

Wa  =   0.7  4-  0.1  4-  (0.24/3)  0.88  lb.,  A   =   5   deg., 

=   0.4  4-  0.15  =   0.55  lb. 

Then 

Mec  =   3^  [   (*^~^  +■  ^   1-33“)  X   0.9962*  +   O.SoJ 
Mec  ~   0.0702  slugs 

For  Eq.  (10-50),  Atm  —   1,488  ft.  per  sec.®  (see  Fig.  10-13),  assume 

em  =   0-9.  Then 

1,488  X   0.0702  _   oy  - 

0.9  X   1.33  X   0.9962 

For  Eq.  (10-52),  8.  ==  2   X   10  X   0.785  X   2®  ̂ 63  lb.,  Lt^  =   0.5  in. 

(<^  =   0   for  Aym  =   1,488,  from  Fig.  10-13). 

Then,  assuming  Q   =   1.3 

Sb  -   1-3  j   g   ̂    1.33  X   0.9962.  ’ 

Procedure  6. — For  the  inlet-valve  cam  loads,  for  Eqs.  (10-48)  and  (10-49), 

values  of  Ax  and  Ay  were  read  from  Fig.  10-13  (more  accurately  from  the 

data  for  Fig.  10-13)  and  multiplied  by  M ec  to  get  the  values  of  Fax  and  Fay 

shown  in  Table  10-3. 

ForEq.  (10-53),  ==  0.9,  Sr  =   4S,  Rra  =   1-33,  cos  A   =   0.9962,  Sc  =   63, 

and  La  read  from  Fig.  10-13  (or  more  accurately  from  the  data  for  Fig.  10-13) 

is  given  in  Table  10-3.  Then  for  La  ==  0.5  in.  (corresponds  to  Aym), 
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Fas  =   0.9[t4S  X   1.33  X   0.9962  X   0.5)  +   63]1.33  X   0.9962  109.5  lb. 

From  Eq.  (10-55), 

=   —104.4  +   109.5  =   5.1  lb. 

Since  Faity  is  positive,  it  indicates  that  the  spring  is  adequate,  but  to  be 

certain  of  contact  between  the  follower  and  the  earn  at  all  values  of 

assume  Sr  =   50  lb.  per  in.  and  calculate  the  corresponding  values  of  F aity^ 

In  Table  10-3,  it  is  seen  that  the  follower  will  not  leave  the  cam  at  any  point 

during  deceleration. 

For  the  exhaust  valve  at  the  start  of  lift,  assuming  a   cylinder  pressure  of 

Pex  ==  50  lb-  per  sq.  in.  gage,  from  Eq.  (10-56) 

=   0.9  X   50  X   0.785  X   2^  X   1.33  X   0.9962  -   187  Ib. 

Assuming  the  pressure  equalizes  in  10  deg.  of  cam  travel,  for  0   =:  5   deg. 

Fabx  ~   93.5  lb.  Values  of  Faetx  [from  Eq.  (10-57)]  are  shown  in  Table 

10-3.  Values  of  the  force  normal  to  the  cam  as  shown  in  Table  10-3  were 

found*  by  means  of  Eq.  (10-42).  The  results  are  shown  in  graphical  form  in 
Fig.  10-34. 

Table  10-3. — Dat.\  for  Example,  Par.  10-14 

e 

Av 
Fax 

La 

F AS 
F ATTX F   ABTX 

F   N 

0   1235 86. 9 0 
72.5 159.4 346.4 346.4 

5   1260 88.5 0.004 
73.0 

161.5 255.0 
256 

10   1365 96.0 0.024 74.5 170.5 170.5 

173 

15   1460 102.8 0.051 76.5 
179.3 179.3 

186 

20   1665 117.0 0.092 79-7 
196.7 

196.7 210 

25   195S 137.8 0.140 83.3 
221.1 221.1 244 

30   2378 167.0 0.2105 88.6 
255.6 255.6 

295 

30°9.5"   
2395 168.1 0.216 

89.4 
257.6 257.6 298 

Fay 

La 

Fas 

F   ait  Y F   abty 

0   
-14SS -104.4 

0.5 111  .2 

6.8 

6.8 

5   
-   1480 -104.0 

0.494 110.8 
6.8 

6.8 

10   

-1460 -102.7 

0.473 109.5 6.8 
6.8 

15   
—   1420 -   99.9 

’   0.442 

106.8 
6.9 

6.9 

20   
-   1368 -   96.1 

0.3995 103.5 7.4 
7.4 

25   
-   1293 -   91.0 

0 . 349 99.7 

8.7 

8.7 

30   
—   1211 -   85. 3 

0 . 284 94.6 
9.3 

9.3 

30"50.5'   

-   1112 -   78.4 
0.216 

89.4 

11.0 

11.0 

10-15.  Camshaft  Stiffness. — For  in-line  and  V-engines,  the 

camshaft  acts  as  a   beam  supported  b3^  two  or  more  bearings, 

and  to  minimize  noise  and  distortion  of  parts,  the  deflection 
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should  not  exceed  0,002  to  0.004  in.  The  loads  causing  deticn*- 

tion  are  the  cam  reactions  from  moving  the  valves,  and  for 

one  cam  between  bearings,  the  maximum  deflection  would  occur 

when  Fn  was  a   maximum.  For  several  cams  between  bearings, 

the  maximum  deflection  occurs  at  the  worst  vector  combination 

of  Fiv  for  the  several  cams  taken  together.  An  accurate  analysis 

is  long  and  tedious;  and  for  .the  usual  arrangement,  the  designer 

will  generally  be  on  the  safe  side  if  he  selects  a   shaft  diameter 

Fig  10-34. — Forces  acting  along  the  cam-follower  axis  in  the  Example  of 

Par.  10-14. 

such  that  the  deflection  does  not  exceed  the  allowable  value 

when  a   force  of  Fy  maximum  is  applied  midway  between  the 

bearings.  For  the  simple  beam  with  a   concentrated  load  at  the 

middle,  the  deflection  is 

where  Y   ==  deflection,  in. 

P   =   load,  lb. 

L   =   length  between  supports,  in. 

E   =   30,000,000  (for  steel). 

I   —   morrient  of  inertia  of  the  section. 

For  hollow  circular  sections, 

TT 

64 
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where  D   =   outside  diameter,  in. 

d   —   internal  diameter,  in. 
Hence 

0.425PZ« EY 

usually  d   ̂   O.S  'X  D,  and  on  this  basis 
EY  J 

(10-58) 

For  the  data  of  Par.  10-14,  P   =   346  lb.,  and  if  we  assume 

Y   =   0.003  in.,  and  L   =   15  in. 

^   _   /0.454  X   346  X 

V30,000,000  X   0.003/  ® 

This  leaves  2   X   Es  -   1.56  =   2   X   0.85  -   1.56  =   0.14  «   in., 

the  originally  assumed  value  for  cam-follower  clearance  (see 

Par.  10-5). 

10-16.  Cam  and  Follower  Details. — The  width  of  the  cam 

parallel  to  the  camshaft  or  cam-ring  axis  should  be  such  that,  at 

the  line  of  contact  between  the  cam  and  follower,  the  material  is 

not  stressed  beyond  the  fatigue  limit  in  compression. 

For  a   cylinder  on  a   flat  plate,  Roark®  suggests 

max  Sc  =   0,591  (   ̂  
(10-59) 

where  max  Sc  maximum  allowable  compressive  stress,  lb.  per 

sq.  in.  (see  Table  8-6). 

P   =   load  per  linear  inch. 

E   ==  modulus  of  elasticity  (=  30,000,000  for  steel). 
D   =   diameter  of  the  cylinder. 

-^PPiyiiig  Eq.  (10-59)  to  a   tangential  cam  with  the  roller  on 

the  straight  flank,  D   =   2Rp,  P   x   TFc  =   Fn,  and  assuming  the 

cam  and  follower  are  made  of  steel,  *   for  tangential  cams 

m-  &   -   2.295  (10-60) 

*   See  footnote,  p.  265. 
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where  max  F ]sr  —   maximum  force  normal  to  tlie  cam  [see  Eq. 
(10-42)],  lb. 

Wc  =   ̂ \udtli  of  the  cam  parallel  to  the  camshaft  or 
cam  ring  axis,  in. 

Rf  ~   radius  of  the  roller  follower,  in. 

Applying  Eq.  (10-60)  to  the  example  of  Par.  10-14,  Fs  =   346 

Ib.j  Rf  =   1   in.,  and  if  we  assume  Wc  ==  0.25  in.,  the  maximum 
stress  is 

max  Sc  =   2,295  (n  85,500  lb.  per  sq.  in. 

From  Table  8-6,  it  is  seen  that  a   cam  width  of  in.  would  require 
hardened  or  heat-treated  steel. 

Eq.  (10-59)  to  a   mushroom  cam  with,  flat  follow^er  on 

the  flank  circle,  P   =   2Rfl,  P   X   TFc  ==  P.v,  and  E   =   30,000,000’*= 
as  before;  for  mushroom  cams 

max  tic  = 

where  Fn  and  Wc  are  as  in  Eq.  (10-60). 

Rfl  ==  radius  of  the  flank  circle,  in. 

For  a   cylinder  in  a   circular  groove,  Eoark*  suggests 

max  Sc  =   0.591  (pE  (10-62) 

where  P   and  E   are  as  in  Eq.  (10-59). 

Di  =   diameter  of  the  circular  groove. 

D2  =   diameter  of  the  cylinder. 

Applying  Eq.  (10-62)  to  hollow-faced  cams  wdth  a   roller 

follower  on  the  flank  circle,  Z)i  —   2Rfl,  —   2Rf,P  X   Wc  =   F x, 

and  E   —   30,000,000.  *   For  holloiv-faced  cams, 

cr  o   one  I   Fx(Rfl  —   Rf) 
max  5:.  =   2,295  x   iJ..  X   ̂ 

where  Fx,  Wc,  and  Rf  are  as  in  Eq.  (10-60). 

Rfl  —   radius  of  the  flank  circle,  in. 

For  mushroom  cams,  the  diameter  of  the  flat-faced  follower 

should  be  sufficient  to  provide  full  line  contact  at  all  cam  angles. 

*   If  the  camshaft  or  cam  ring  is  to  be  made  of  cast  iron,  use  E   =   15,000,000 

and  alter  Eqs.  (10-60),  (10-61),  and  (10-63). 
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To  attain  this  condition,  the  diameter  of  the  flat  face  on  the 

follower  will  have  to  be’  greater  than  the  contact  width,  Wr> 
(Fig.  10-35).  From  Fig.  10-17, 

Wn  =   2(Ripl  —   Rb)  sin  Sm  (10-64) 

The  axis  of  the  follower  should  be  in  the  same  plane  as  the 
axis  of  the  camshaft,  but  the  follower  may  be  symmetrical  with 
the  cam  as  in  Fig.  10-35A  or  offset  as  in  Fig.  10-35^  to  produce 
rotation  of  the  follower  about  its  own  axis  and  distribute  wear. 
Case  B   is  the  more  common  arrangement. 

Fig. 

Confaof 

10-35.  Dimensions  of  flat-faced  follower  for  mushroom 

cams. 

For  the  symmetrical  follower.  Fig.  10-35.4, 

and 

arc  tan 

TFe 
Wr 

Rjb 

2   sin (10-65) 

where  Rpp  =   radius  of  the  flat  follower  surface,  in. 
He  wddth  of  the  cam  parallel  to  the  camshaft  axis,  in 

[see  Eq.  (10-61)]. 

Wd  =   contact  wndth,  in. 
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For  the  offset  follower,  Fig. 

and 

TFe/2) 

Tt  z>/2 li 

cos  62 

(10-06) 

where  Rpp  =   radius  of  the  offset  fiat  follower  surfat'es,  in. 

TFc  =   width  of  the  cam  parallel  to  the  camshaft  axis,  in. 

[see  Eq.  (10-61)]. 

TFjd  =   contact  width,  in. 

J   =   offset  of  the  center  line  of  the  follower  to  the  center 

line  of  the  cam  measured  parallel  to  the  camshaft 

axis,  in. 

10-17.  Push  Rods  and  Rocker  Arms. — Push  rods  as  used  with 

overhead  valve-gear  arrangements  generally  have  a   slenderness 

ratio  such  that  they  fall  into  the  classification  of  long  columns. 

Hence  the  Euler  column  formula  may  be  used  to  analyze  them, 

and  since  they  usually  use  spherical  seated  bearings,  they  may 

also  be  classed  as  pin  end  columns.  Thus 

P   - 

2EJ 

(lD-67) 

where  P   =   load  at  which  the  rod  buckles,  lb. 

E   =   modulus  of  elasticity,  lb.  per  sq.  in.  (   =   30,000,000  for 
steel  and  10,000,000  for  aluminum  alloys). 

I   =   moment  of  inertia  of  the  push  rod-section,  iii.^ 
L   =   length  of  the  push  rod,  in. 

For  tubular  push-rod  sections, 

where  D   =   diameter  of  the  push  rod,  in. 

d   =   diameter  of  the  hole  through  the  push  rod,  in. 

Assuming  d   =   0.8  X   P,  and  the  allowable  load  =   0.5P,  Eq. 

(10-67)  reduces  to 

D   =   1.625 (10-68) 

For  the  example  of  Par.  10-14,  the  maximum  force  along  the 
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push-rod  center  line  is 

P   «   Faetx  X   cos  A   346  X   0.9962  «   345  lb. 

Hence,  for  a   length  of  14  in.,  a   hollow  steel  push  rod  having  a 

diameter  of 

should  be  satisfactory.  By  the  same  procedure,  an  aluminum- 

alloy  rod  would  have  a   diameter  of  2)  ~   34  in.  The  diameter 

of  the  spherical  or  ball  ends  of  the  push  rod  may  be  made  approxi- 

mately equal  to  the  diameter  of  the  push  rod. 

Bocker  arms  are  essentially  cantilever  beams  usually  tapered 

and  having  a   T   section.  Generally,  when  they  are  large  enough 

to  meet  other  requirements,  they  are  not  critical  in  bending,  but 

if  there  is  any  doubt,  they  may  be  analyzed  by  simple  beam 

formulas.  Frequently,  small  rollers  are  fitted  to  the  valve-stem 

end  of  the  rocker  arm,  and  the  size  of  these  rollers  may  be  found 

by  the  same  formulas  used  for  cam-follower  rollers  [f.e,,  the 

equivalent  of  Eq.  (10-60)].  Clearance  adjustment  screws  with 

locking  nuts  are  usually  built  into  the ’push  rod  end  of  the  rocker 
arms. 

Rocker-arm  bearings  are  either  plain  or  antifriction  (i.e.,  ball 

or  needle  bearings).  The  maximum  load  is  approximately  the 

force  in  the  push  rod  times  the  rocker-arm  leverage  ratio.  In 

addition,  an  end  thrust  exists  when  the  push-rod  axis  is  not  in 

the  plane  of  the  rocker  arm  and  valve  stem. 

For  the  example  of  Par.  10-14,  the  maximum  rocker-arm 

bearing  reaction  is 

345  X   ^   600  lb. 

On  the  assumption  that  a   ball  bearing  is  to  be  used,  from  Table 

A 1-22,  Fra  =   Z/  =   600  lb.,  Z   «   0.9,  «   2,  and  if  it  is  assumed 

that  the  end  thrust  will  not  exceed  10  per  cent  of  the  radial 

load,  F   —   0.99  for  nonfilling  notch-type  bearings.  Then, 

C   ==  600  X   0.99  X   0.9  X   2   =   1,070  lb.  Since  the  equivalent 
r.p.m.  of  the  rocker  arm  should  be  low  (say  200  r.p.m.),  S.A.E. 

bearing  304  should  be  adequate  (see  Table  Al-22/).  However, 

before  final  selection  is  made,  the  recommendations  of  the  bearing 
manufacturer  should  be  obtained. 
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10-18.  Valve  Springs- — Nearly  all  modern  aircraft  engines  use 

cylindrical  helical  compression  springs  of  round  wii’c,  ami  most 

engines  use  two  or  three  concentric  springs  per  \'alve.  Final 
approval  for  a   proposed  design  should  he  made  by  a   spring 

manufacturer,  but  the  engine  designer  should  make  i^reliminaiw 

calculations  if  for  no  other  reason  than  to  determine  iieeessar\^ 

dimensions  of  adjacent  parts  of  the  valve  gear. 

For  cylindrical  helical  compression  springs  of  round  wir€\  let 

G   =   torsional  modidus  of  elasticity  (   11,500,000  for  steed). 

/S  =   stress,  lb.  per  sq.  in. 

Sa  —   maximum  allowable  stress,  Ib.  per  sq.  in. 

/   =   deflection  per  turn,  in. 

n   =   number  of  effective  turns. 

/„  =   total  deflection,  in. 

Lmw  =   minimum  working  length,  iii. 

Sr  ==  spring  rate,  lb.  per  in.  deflection, 

d   =   diameter  'of  the  wire,  in. 
Do  —   outside  diameter  of  the  spring,  in. 

Di  =*inside  diameter  of  the  spring,  in. 
Ls  —   solid  length,  in. 

Lf  —   free  length,  in. 

py  =   force  along  the  valve  axis,  lb. 

Fvo  —   force  along  valve  axis  when  valve  is  open,  lb. 

Fve  ~   force  along  the  valve  axis  when  valve  is  closed,  lb. 

Ps  —   pitch  of  spring,  in. 

Fva  =   maximum  allowable  force  on  the  spring,  lb. 

Z   =   Wahl  factor, 

/-y      Do  d 
O   -   - 

Then  6 
Lmw  —   1.1  c/n  “b  2.2ocf 

=:  (n  +   2.25)d 

Df  =   fn  +   D^fW 

^   _  
 Fvo 

OiJ  —   —7 

J   n 

Lf  —   2.25d 

Ps  = 

fn  =
 

-   2.25d 

lAd 

8   X   «   X   FvoiD^ 

dy 

G   X 

(10-69) 

(10-70) 

(10-71) 

(10-72) 

(10-73) 

(10-74) 

(10-75) 
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0.3927  X   Sa  X 
(10-76) 

VA  —
 

{Do  -   d)Z  . 

Z   = 

4(7-1  0.615 

4C  -   4   ■'  C 

(10-77) 

s   = 

{Do  -   d)  X   Fv  X   Z (10-78) 0.3927  X 

Yalve  springs  are  subjected  to  rapidly  varying  loads,  hence 

the  allowable  stress  Sa  should  be  based  on  the  torsional  endurance 

limit  rather  than  on  the  torsional  elastic  limit.  This  torsional 

Stress,  lb.  per  sct.in.^lOOO CA) 

0   20  40  60  80  100 

Stress,  lb.  per  sq.ln.  1000 
(B) 

0   20  40  60  80  100  120 

Stress,  lb.  persq.in.-MOOO 
CO 

3^0192"  4=0.2625"  5=0.34375'* 

CD) 

Fig.  10-30, —   (A),  {B)  and  (C)  Allowable  torsional-stress  range  for  the  most 
commonly  used  valve-spring  steels.  (i>)  Values  of  the  Wahl  stress  factor. 

(From  Griffith,  ''Standards  for  Spring  DesignN  Product  Erigineeriiig  Design  Work. 
Sheets,  Fourth  Series.) 

endurance  limit  depends  upon  the  range  of  stress,  diameter  of 

the  ware,  and  material  of  \vhich  the  %vire  is  made.  Steel  wire  is 

usually  drawm  to  Washburn  and  Moen  gage  (Table  10-4),  and 

where  possible  standard  wire  diameters  should  be  used.’  Mate- 
rials most  commonly  used  are  medium-  or  high-carbon  steel, 

Swedish  steel,  or  chrome-vanadium  steel  (S.A.E.  6150).  Allow- 
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able  ranges  of  torsional  stress  as  determined  l>y  Griffith^'  are 

shown  in  Fig.  10-36..4,  Bj  and  O.  Stresses  iiierease  rapidly  at 

low  values  of  the  spring  index  ( =   £>a/d)  as  is  seen  in  Fig.  10-3i)D, 

hence  the  spring  index  should  be  relatively  large.  Griffith® 

recommends  a   value  of  Do/  d   =   9   as  optimum,  but  some  departure 

from  this  value  may  be  necessary. 

Table  10-4. — Washburn  and  :Moen  Steel- wire  Gage  Diameters 

Gage Wire  diam- 
Gage 

Wire  diam- 
Gage 

1   Wire  diam-  ; 

Gage 

Wire  diam- No. eter,  in. No. eter,  in. 

No. 
I   eter,  in.  j; 

No. 
eter,  in. 

000 0.3625 3 0 . 2437 8 
1   0 .   1620  i! 

13 

0.0915 
00 0.3310 

4   1 

0.2253 9 

1   0.14S3  ;! 
14  : 

0 . OSOO 

0 0.3065 5   ! 0 . 2070 
10 

j   0.1350  1 

15 

!   0.0720 
1 0.2830 

6   1 
0.1920 

11 

1   0.1205 
16 

0 . 0625 
2 0.2625 7 0.1770 12 

I   0.1055  1 1   -i 

17  I 

1   0.0540 

Spring  surging  or  vibration  is  a   frequent  cause  of  valve-gear 

trouble  and  may  result  in  noisy  operation  owing  to  the  follower 

jumping  off  the  cam,  and  this  in  turn  ma^"  affect  the  performance. 
Severe  vibration  can  cause  spring  breakage.  The  usual  methods 

of  vibration  control  are  (a)  friction  dampers,  (h)  design  for  high 

natural  frequency’'  of  the  spring,  and  (-c)  use  of  multiple  springs 
having  different  natural  frequencies. 

The  natural  frequency  of  a   valve  spring  in  vibrations  per 

minute  is"^ 250  X   d   X 

~   {Do  -   dy  X   n 
(10-79) 

where  d   =   diameter  of  the  wire,  in. 

=   outside  diameter  of  the  spring,  in. 

71  =   number  of  effective  turns. 

G   =   torsional  modulus  of  elasticity  11,500,000  for 
steel). 

Values  of  /„  should  be  as  high  as  possible,  preferably  above 

15,000,  but  this  is  often  quite  difficult  to  attain.  By  using  two 

or  more  spi’ings  per  valve  which  have  different  natural  fre- 

quencies, erratic  operation  and  damage  from  spring  breakage 

will  be  less  likely.  Determination  of  the  best  possible  combina- 

tion of  design  factors  is  usually  a   long  and  tedious  problem  and 

one  which  specialists  in  spring  manufacture  are  best  qualified 
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to  solve.  The  following  example,  however,  indicates  some  of  the 

steps  involved. 

10-19.  Example  of  Valve-spring  Calculations.— Determine  (a)  dimen- 
sions of  a   carbon-steel  valve  spring  for  the  engine  in  the  example  of  Par. 

10-14,  (6)  dimensions  if  two  concentric  springs  are  to  be  used. 

Procedure  a. — From  Par,  10-14^  Sr  —   50  lb.  per  in.,  maximum  lift  of  the 

valve  =   Lvo  ( =   Ey'  for  this  example)  =   La'  X   Era  X   cos  A   =   0.5  X   1.33 

X   0-9962  =   0.663  in.,  Frc  —   Sc  =   631b.,  Fro  =   F vc  4-  Sr  X   Lvo  —   96.21b. 

Assume  Da  ==  2   in.  (   —   diameter  of  valve),  and  for  the  optimum  value  of  Z, 

the  spring  index  D/d  Do/d  =   9.  Hence  d   =   —   0.222  in.  Let 

d   =   0.2253  in.  which  corresponds  to  Washburn  and  Moen  gage  4   (see  Table 

10-4).  From  Fig.  10-36D,  for  Do/d  ==  2/0.2253  -=  8.88,  Z   =   1.19.  From 

Eq.  (10-78),  for  the  valve  closed 

^   (2  -   0.2253)  X   63  X   1-19 

0.3927  X   0.22533 
^   29,550  lb.  per  sq.  in. 

and  for  the  valve  open 

^   (2  -   0.2253)  X   96.2  X   1.19 

0.3927  X   0.2253® 

45,200  lb.  per  sq.  in. 

From  Fig.  10-36.4,  reading  up  from  S   =   29,550  to  the  wire  size  (interpolated 

between  0.192  and  0.2625),  it  is  seen  that  the  allowable  stress  is 

Sa  ̂    57,000  lb.  per  sq.  in.  Hence  the  spring  stresses  are  within,  the 

allowable  range. 

From  Eq.  (10-72), 

u Fvo      96-2 
"50" 

1.925  in. 

From  Eq.  (10-75), 

n 1.925  X   X   0.2253^ 

8   X   96.2  X   (2  -   0.2253)3. 

7.45  effective  turns 

From  Eq.  (10-79), 

/v 

250  X   0.2253  X   11,500,000K’ 

(2  -   0.2253)2  X   7,45 8,120  v: 

This  value  of  is  lower  than  is  desirable  and  might  cause  trouble  from  noise 

or  even  spring  breakage. 

From  Eq.  (10-69), 

Lmw  =   1.1  X   0.2253  X   7.45  4-  2.25  X   0.2253  =   2.347  in. 

From  Eq’  (10-70), 
Ls  =   (7.45  4-  2.25)  X   0.2253  =   2.181  in. 

From  Eq.  (10-71), 

Lf  =   1.925  4-  2.347  =   4.272  in. 
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From  Eq.  (10-73), 

4.272  -   2.25  X   0.2253 0.505  in. 

Layout  of  the  spring  is  shown  in  Fig.  10-37-^4. 

Procedure  6. — Assuming  two  concentric  springs  per  valve  with  the  outsitie 
diameter  Do  ̂    2   in.  for  the  outside  spring  and  Di  >   O.S  in.  for  tlie  inside 

spring  (to  ensure  clearance  with  the  valve  guide  h   then  for  the  insitle  spring 

Do  —   Di  =   2d  and  Do/d  ~   9.  From  these  relations  and  assumptions, 

d   ==  0.1142,  say  0.1055  in.  (=  Washburn  and  Moeii  gage  12,  Table 
10-4). 

Do  -   2   X   0.1055  -b  O.S  =   1.011  in. 

Do/d  =   1.011/0.1055  -=  9.58 

and  from  Fig.  10-36D,  Z   =   1.175. 

The  combined  force  of  the  two  springs  (valve  opven)  should  be  not  less 

than  Fvo  —   96.2  lb.,  and  (valve  closed)  Fvc  ~   63  lb.  The  minimum  working 

length  of  the  two  springs  can  be  somewhat  different  by  step  cutting  the 

spring  retainers,  and  this  may  aid  in  properly  proportioning  the  springs. 

Assume  an  allowable  stress  Sa  =   60,000  lb,  per  sq.  in.  .From  Eq.  (10-78), 

the  corresponding  load  that  the  inner  spring  can  carry  is 

0.3927  X   60,000  X   0.1055^ 

(l.OU  —   0.1055)  X   1.175  lb. 

Assume  n   =   10  effective  coils.  From  Eq.  (10-75), 

^   8   X   10  X   26  X   (1.011  -   0.1055)-'  _   ,   • 
11,500,000  X   0.10554 

From  Eq.  (10-72), 

Sr  =   =   24  lb.  per  in. 

The  load  that  the  inner  spring  can  carry,  valve  closed,  is 

Eye  —   P VO  —   Sr  X   Lvo  =   26  —   24  X   0.663  =   10  lb. 

The  stress,  valve  closed,  is,  from  l>q.  (10-7S) 

From  Fig.  10-36A  reading  up  from  23,100  to  the  wire  size, 

Sa  ̂    60,000  lb.  per  sq.  in. 

Therefore  the  originally  assumed  value  for  maximum  stress  is  satistactory 

From  Eq.  (10-79), 

fo  = 

250  X   0.1055  X   11,500,000'^ 

(1.011  —   0.1055)“  X   10 
10,900 
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lliis  frequency'  is  still  less  than  desirable  but  better  than  for  case  a. 

From  Kq.  (10-69),  the  minimum  working  length  is 

=   1.1  X   0.1055  X   10  +   2.55  X   0.1055  =   1.429  in. 

From  Eq.  (10-71),  the  free  length  is 

=   l.OS  -h  1.429  «   2.509  in. 

From  Eq.  (10-73),  the  pitch  is Ps 

2.509  -   2.25  X   0.1055 10 
0.224  in. 

The  outside  spring  must  be  capable  of  carrying  a   load  (valve  open)  of 

Fro  =   96.2  —   26  =   70.2  lb.,  and  (valve  closed)  Frc  —   63  —   10  =   53  lb. 

Hence,  the  spring  rate  must  be 

From  Eq.  (10-72),  the  total  deflection  is 

The  inside  diameter  of  the  outside  spring  must  be  greater  than  the  outside 

diameter  of  the  inside  spring.  Assuming  this  difference  is  0.25  in.;  for  the 

outside  spring 

Di  -   1.011  +   0.25  =   1.261  in. 
also 

Do  —   Di  =   2d  and  Do/d  «   9. 
Hence 

d   —   0.18,  say  0.177  in.  (—  Washburn  and  Moen  gage  7,  Table  10-4). 

Do  =   2   X   0.177  4-  1.261  =   1.615  in. 

Do  ̂   1.615 d   0.177 9.11 

From  Fig.  10-36D,  .Z  =   1.18 

From  Eq.  (10-78),  for  the  valve- closed 

(1.615  ™   0.177)  X   53  X   1-18 

0.3927  X   0.1773 

and  for  the  valve  open 

*8 
(1.615  -   0.177)  X   53  X   1.18 

0.3927  X   0.1773 

41,500  lb.  per  sq.  in. 

=   55,000  lb.  per  sq.  in. 

From  Fig.  10-36T,  reading  up  from  /S>  =   41,500  to  the  wire  size,  it  is  seen 

that  the  allowable  stress  is  Sa  ̂    66,500  lb.  per  sq.  in.  Therefore  the  spring 

stresses  are  within  the  allowable  range. 
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Assume  n   =   S   effective  coils.  Then  from  Mq. 

^   _   250  X   0.177  X   11,500,000’-- 
(1.615  -   0.177)-  X   S 

10-79^ 

9,000  vihratioiis  per  min. 

This  is  lower  than  desirable  but  better  than  ease  and  siiiee  /,.  ioutside 

spring)  fv  (inside  spring),  vibration  in  either  spring  will  tend  to  be  neutral- 

ized by  the  other. 

Fig.  10-37. — bayout  for  the  valve  springs  in  the  Example  of  Par-  10-19. 
(A)  Single  spring  for  ease  (a).  (-B)  and  (C)  Inner  and  outer  springs  for 
case  (6). 

Froin  Eq.  (10-69),  the  minimum  working  length  is 

Lmw  =   1.1  X   0.177  X   S   H-  2.25  X   0.177  -=  1.953  in. 

From  Eq.  (10-71),  the  free  length  of  the  outside  spring  is 

Lf  =   2.7  -h  1.953  =   4.653  in. 

From  Elq.  (10-73),  the  pitch  is 

„   4.653  -   2.25  X   0.177 

The  layout  of  the  two  springs  for  case  b   is  shown  in  Fig.  10-37/?  and  O. 
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Since  Lmw  ==  1.429  in.  for  the  inside  spring  and  1.953  in.  for  the  outside 

spring,  the  spring  retainers  will  have  to  be  step  cut.  If  the  difference  is 

equally  divided,  eacdi  retainer  will  have  an  offset  of 

1.953  -   1.429 
2 

0.262  in. 

The  chief  weakness  of  the  springs  in  this  example  is  the  low 

frequency  of  vibration^  and  this  may  be  increased  by  reducing 

the  number  of  effective  turns  (Eq.  10-79).  Thus,  commonly 

used  values  of  n   =   4   to  6   would  reduce  the  chances  of  vibration 

failure,  but  to  avoid  exceeding  the  allowable  stress  of  the  wire,  a 

larger  over-all  diameter  would  be  necessary.  In  general,  a 

short,  large-diameter  spring  wdth  very  few  turns  is  the  best 
answer. 

10-20.  Valve-gear  Details. — With  the  dimensions  of  the 
principal  parts  of  the  valve  gear  determined,  the  detail  dimension 

of  the  valve-spring  retainers,  valve-stem  length,  rocker-arm  ■ 

bearing  supports,  and  rocker-arm  housing  may  be  determined, 

and  the  completion  of  the  drawings  of  the  cylinder  (Suggested 

Design  Procedure,  items  9,  10,  and  11,  page  210)  can  be  made. 

Lubrication  of  the  rocker  arms,  etc.,  formerly  was  inter- 

mittent, but  continuous  circulation  of  oil  is  preferable  and  is 

now  quite  common  practice.  One  method  of  doing  this  is  to 

provide  a   passageway  to  the  cam-follower  tappet  and  through 

the  hollow  push  rod.  A   tubular  sleeve  and  rocker-arm  cdver  or 

rocker  box  may  be  used  to  enclose  the  gear.  Detail  arrange- 

ments may  be  best  studied  by  reference  to  available  sectioned 

drawings  of  successful  engines. 

All  supports  for  the  valve  gear  should  be  as  rigid  as  possible, 

and  such  parts  as  rocker-arm  bearing  supports  should  be  designed 

with  this  requirement  in  mind.  In  general,  the  best  arrangement 

is  one  that,  with  the  least  complexity,  fulfills  all  requirements. 

Suggested  Design  Procedure 

Important.  Include  sample  calculations  of  all  items  (as  applies).  Make 

layouts  to  a   large  enough  scale  to  permit  accuracy  of  measurements. 

1 .   Make  preliminary  pencil  sketches  approximately  to  scale  showing 

the  desired  arrangement  of  the  valve  gear  to  be  used.  Check  to  be  sure  the 

arrangement  represents  good  practice  and  that  the  parts  will  fit  together 
without  interference. 

2.  Determine  all  necessary  dimensions  for  the  cam  drive  to  be  used 

including  gear  tooth  numbers,  and  layout  the  arrangement  to  large  (pref- 

erably full)  scale. 



VALVE  GEAR 
277 

3.  Determine  all  necessary  dimensions  for  the  earns,  and  make  a.  dimen- 

sioned drawing  of  the  cams. 

4.  Calculate  data,  and  plot  lift,  velocity,  and  ae(*eha*a1  i^ui  eurv<\s  for 

the  cams  to  be  used.  Alter  the  earn  dimensions  as  necessary  to  avoid  ext.*es- 

sively  high  accelerations. 

5.  Determine  the  proper  spacings  for  inlet  and  exhaust  cauis.  and  make 

a   dimensioned  drawing  showing  positions  of  all  cams  on  tiie  camsiiaft  or 

cam  ring. 

6.  Determine  cam  loads,  and  plot  curves  of  fori'os  acting  along  the 
cam-follower  axes. 

7.  Determine  all  remaining  dimensions  of  the  camshaft  or  cam  ring,  and 

alter  the  dimensioned  drawing  of  the  camshaft  or  cam  ring  item  5   as 

necessary. 

8.  Determine  all  necessarx"  dimensions  of  the  earn  follower  and  tappet, 
and  make  a   dimensioned  drawing. 

9.  Determine  all  necessary  dimensions  of  the  push  rods  and  rocker  arms, 

and  make  dimensioned  drawings. 

10-  Determine  all  necessary  dimensions  for  suitable  valve  springs,  and 

make  dimensioned  drawings. 

11.  Complete  the  details  of  the  valve  gear,  and  make  dimensioned  draw- 

ings of  all  detail  parts. 

12.  Complete  the  detailed  dimensioned  drawing  of  the  cylinder  head  as 

started  under  item  10  of  Suggested  Design  Procedure,  page  210. 

13.  Complete  the  assembly  drawing  of  the  eylindt^r  as  started  under  item 

11  of  Suggested  Design  Procedure,  page  210. 

14.  When  items  1   to  13  have  been  completed  and  put  in  proper  form, 

submit  for  checking  and  approval. 

Problems 

1.  Determine  the  dimensions,  layout  the  cam,  and  plot  curves  of  lift, 

velocity,  and  acceleration,  for  the  tangent  cam  of  Par.  10-5,  use  the  same 

data  but  increase  the  diameter  of  the  roller  follower  to  1.5  in.  Compare 

the  results  with  the  answers  in  Par.  10-5. 

2.  Determine  dimensions,  layout  the  cam,  and  plot  curves  of  lift,  velocity, 

and  acceleration  for  a   hollow-faceti  cam  to  operate  the  inlet  valves  on  a   five- 

cylinder  radial  engine.  Available  data  are  as  follows:  inlet-valve  opening, 

15  deg.  before  top  center;  inlet-valve  closing,  65  deg.  after  bottom  center; 
maximum  lift  of  the  roller  follower,  0.5  in.:  diameter  of  roller  follower, 

1.5  in. ;   diameter  of  the  engine  crankshaft,  2.5  in. ;   opposite  rotation  of  crank- 

shaft and  cam  ring;  speed  of  engine,  2,000  r.p.in. 

3.  Repeat  Problem  2   for  a   nine-cylinder  radial  engine,  use  the  same  data 

but  increase  the  diameter  of  the  engine  crankshaft  to  3.25  in. 

4.  Determine  the  necessary  data,  and  layout  a   cam  ring  for  the  inlet  and 

exhaust  cams  of  the  five-cylinder  engine  in  Problem  2.  Athlitioiial  data  art* 

as  follows:  exhaust-valve -opening,  50  deg.  before  bt)ttoiu  ceiiteu*:  exhaust- 

valve  closing,  10  deg.  after  top  center;  cam  follower  offset  to  the  plane  con- 

taining the  cylinder  and  crankshaft  center  lines,  15  deg. 
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5.  Determine  the  necessary  data,  and  layout  a   camshaft  showing  the 

location  of  the  cams  on  a   six-cylinder  in-line  engine  camshaft.  Available 

data  are  as  follows:  inlet-valve  opening,  10  deg.  before  top  center;  inlet-valve 

closing,  50  deg.  after  bottom  center;  exhaust-valve  opening,  55  deg.  before 

bottom  center;  exhaust-valve  closing,  15  deg.  after  top  center;  crank-arm 

arrangement  as  in  Fig.  7-15;  firing  order  1-5-3-6-2-4;  angle  of  plane  of 

follower  center  lines  to  plane  of  cylinder  center  lines,  8   deg.  Opposite 

rotation  of  camshaft  and  crankshaft. 

6.  Prove  that  the  flank  and  nose  portions  of  a   constant-acceleration  cam 

are  parabolas.  Hint,  see  reference  1. 

7-  Derive  expressions  for  the  relation  of  parts  of  a   constant  acceleration 

cam.  Hint,  see  reference  1. 

8.  By  using  the  same  valve  timing  and  any  other  data  that  applies,  deter- 

mine the  necessary  data,  layout  the  cam,  and  plot  curves  of  lift,  velocity,  and 

acceleration  for  a   constant-acceleration  cam  to  replace  the  hollow-faced 
cams  in  Problems  2   and  4. 

9.  Prove  that,  for  the  same  direction  of  rotation  of  cam  ring  and  crank- 

shaft, the  number  of  inlet  cams  required  will  be  as  in  Eq.  (10-36)  and  the 

ratio  crankshaft  to  cam-ring  speed  will  be  as  in  Eq.  (10-37). 
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CHAPTER  11 

THE  CRANKCASE,  SUPERCHARGERS, 
AND  ACCESSORIES 

11-1.  Crankcase  Materials  and  Arrangements. — The  eraiik- 

case  serves  to  hold  the  various  parts  of  the  engine  in  proper 

position,  to  retain  part  or  all  of  the  lubricant,  and  usually, 

though  not  always,  to  tx*ansfer  the  external  forces  to  the  engine 
mounting.  The  crankcase  should  have  a   high  rigidity-weight 

ratio  and  high  fatigue  resistance. 

Jig.  11-1. — -\inerican  IMagiiosiiini  Corx>oratioii,  luasiiesiuni  alloy,  A]M7-4HT, 
crankcase  for  a   Lycoming  nine-cylinder  radial  engine. 

Rigidity  or  crankcase  stiffness  with  low  weight  may  be  attained by 

1.  Compact  arrangement. 

2.  Adequate  trussing. 

3-  Arrangement  for  straight-line  transmittal  of  forces. 

4.  Use  of  materials  having  a   high  ratio  of  inoduhis  of  elasticity  anil 

modulus  of  rigidity  to  si)e(*ific  weight. 

The  crankcase,  like  the  piston,  cylinder  head,  and  numerous 

other  stressed  parts,  is  so  complex  in  shape  and  subjected  to 
279 
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wiieh  a   variety  of  var^'ing  forces  as  to  make  the  exact  calculation 

of  stresses  in  its  parts  ver^^  difficult  if  not  impossible.  Hence 

the  designer  will  find  useful  the  procedure  suggested  in  connection 

with  the  design  of  connecting-rod  ends,  i.e.,  refer  the  complex 

structures  to  similar  simple  structures  with  known  relations 

betAveen  external  forces,  dimensions,  stresses,  deflection,  etc. 

Thus  the  crankcase  may  be  likened  to  a   cantilever  box  beam 

subjected  to  varying  bending  and  twisting  forces  and  designed 

for  stiffness. 

Fig.  11-2. — Aluminum  Company  of  America  forged  aluminum-alloy  crankcase 
for  a   Pratt  and  Wliitney  14-cylmder  radial  engine. 

The  deflection  of  simple  cantilever  beams  vaiies  with  the  cube 

of  the  length;  hence  we  tvould  expect  the  in-line  and  Y-engines 

to  be  at  a   weight  disadvantage  with  a   radial  engine  having  the 

same  crankcase  stiffness.  This  disadvantage  can,  however,  be 

at  least  parth"  offset  in  liquid-cooled  designs  by  using  a   cooling 
jacket  common  to  all  cylinders  in  a   bank  and  designing  the  jacket 

for  stiffness.  Deflection  also  varies  directly  vdth  the  load  and 

inversely  with  the  modulus  of  elasticity  and  moment  of  inertia 

of  the  section.  This  variation  indicates  the  desirability  of  a 

larger  number  of  smaller  cylinders  and  large  transverse  dimensions 

for  the  crankcase.  Modulus  of  elasticity  is  greater  for  steel 

than  for  other  possible  crankcase  materials,  but  here  the  lower 

unit  w^eight  of  less  rigid  materials  must  be  considered.  Also 



CRANKCASE,  Sl'PERCIfARGEIiS.  ACCESSORIES  2S1 

buckling  of  very  thin  sections  and  fabrication  difficulties  in 

forging  thin  steel  sections  make  it  difficult  to  take  full  advantage 
of  steel  characteristics. 

Table  11-1  indicates  that  on  a   specific- weight  basis,  steel  has 
little  if  any  advantage  over  aluminum  forgings,  and  for  small 
production  where  forging  dies  are  not  justified,  alumintim-  and 

magnesium-alloy  castings  are  definitely  superior  to  cast  iron. 

Fig.  11-3. — ^^Maehiiiing  operation  on  a   Pratt  and  Whitney  forged  aluiniiiuni-alloy crankcase. 

However,  as  the  engine  size  goes  up,  the  need  for  thin  sections 

diminishes,  and  steel  compares  more  favorably.  Also,  a   fair 

appraisal  should  take  account  of  the  relative  corrosion  resistance 

and  strength  at  operating  temperatures  as  well  as  relative  cost. 

In  the  first  two,  steel  has  some  advantage,  and  in  the  last  cast 

iron  stands  out,  particularly  with  reference  to  magnesium, 

whereas  aluminum  is  intermediate.  Thus  present  practice 

which,  for  stressed  crankcase  parts,  uses  east  iron  only  for  lowest 
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cost  engines,  cast  akiminiini  and  some  magnesium  fo
r  medium- 

powered,  low-production,  and'  forged  aluminum  and 
 steel  for 

high-powered,  high-production  engines  appears  to  be  basic
ally 

Fig.  11-4. — Wright  Cyclone  steel  crankcase  showing.  Geft  to  right)  design 
refinements  that  have  greatly  reduced  cost  and  weight. 

sound.  For  lightly  stressed  parts,  light  alloy  castings  are  suitable 

even  for  high-powered  engines. 

11-1.   CoMPARATrV'E  DaTA  OX  CrAXKCASEI  IMATERIAnS 

Crankcase  material  
|
 

Designation 

Aluminum  sand-  j 

easting  alloy .   . 195-T6 

Aluminum  sand- 

casting alloy.  . 355-T6 

Aluminum  forg- 

ing allov   AolS-T 

Magnesium  sand- 

casting  alloy.  . AM260-T4 
Steel   

Cast  iron   

11-2.  Crankcase  Details. — In  the  Suggested  Design  Procedure 

of  preceding  chapters,  it  has  been  rec‘ommended  that,  as  the 

designs  were  (‘ompleted,  detail  parts  should  be  transferred 
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to  the  assembly  dra^\•ings.  This  gradual  “   assemtilyiiig  ”   of  the 
engine  aids  in  checking  on  errors  (no  matter  how  well  a   part  is 

~
\
 

. , 

Fig.  11-5. — Exploded  view  of  VV  right  Cyclone  engine  crankctise  sections 

showing  forged  aluminum-alloy  nose  piece,  forged  main  section,  cast  blower 
section,  and  cast  rear  section. 

Fig.  11-G. — Exi^loded  view  of  W'right  cyclone  G-2l)()  engine  crankcase  seetioi
is 

showing  details  of  the  steel  main  section. 

designed,  it  is  useU'ss  if  it  will  not  fit  into  its  proper  place),  gives 

the  designer  a   better  mental  picture  of  what  the  final  design 
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will  look  like,  and  now,  for  the  crankcase,  he  is  able  to  see  what 

detail  shape  of  the  crankcase  will  be  necessary  in  order  to  support 

and  hold  together  the  previously  designed  parts. 

As  a   first  step,  it  is  probably  best  to  sketch  in  the  outlines 

of  the  crankcase,  either  directly  on  the  assembly  drawings  or  on 

superimposed  tracing  paper.  This  procedure  will  aid  iii  fixing 

Preferred  forms  of  rib  Method  of  beoidfng  cored 
holes  double  beoid  preferred 

Recommended  flcange  and  Methods  of  blending  metwl 
bolthole  proportioning  <?jround  bolf  bosses 

Fig.  11-7. — .\luniiinini  Company  of  America  recommendations  oa  details  of  cast- 
ing design. 

in  mind  the  necessary  shape.  Then  the  general  arrangement 

should  be  carefully  scrutinized  for  possible  weak  points  while 

keeping  in  mind  that  the  stiffness,  etc.,  of  complex  shapes 

usually  can  be  estimated  by  comparing  them  with  simpler  beams, 

columns,  etc.,  of  known  characteristics.  Thus  the  so-called 

stress  path  should  be  as  direct  as  possible,  and  sharp  reentrant 

corners  should  be  avoided.  Thin  sections  are  always  possible 

sources  of  buckling,  and  to  avoid  the  excess  weight  of  thicker 

sections,  adequate  structural  ribbing  is  a   good  alternative. 
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Points  at  which  loads  are  concentrated  are  |H>teutiaI  stMirces  of 

local  failure,  particularly  with  tlie  noiiferruiis  alh»ys,  and  sindi 

points  should  be  carefully  examined  with  a   view  to  dL^tributing 

the  load  more  effectively.  For  example,  too  few  eyiiiitler  hold- 

down studs  may  put  too  great  a   strain  on  the  crankcase  metal 

immediately  surrounding  the  studs,  or  the  threads  may  be 

inaccurate  and  concentrate  most  of  the  load  on  a   small  portion 

of  the  threaded  surface.  Such  possibilities  justify  an  ample 

number  of  accurately  ground  coarse  threads  on  studs  to  l>e 

Fig.  11-S. — Practical  equations  commonly  used  to  olitairi  proper  radii  and 

blending  in  the  design  of  aluminum-alloy  parts.  {From  S,  d.  E.  Jour.,  \   oi.  47, 
No.  6,  December,  1940.) 

fitted  into  soft  metal  even  though  the  grinding  of  more  parts 

materially  increases  the  cost. 

Corners  and  section  joints  in  cast  parts  are  frequently  sources 

of  casting  flaws  sufficient  to  cause  failure,  but  they  are  often 

concealed  from  ordinary  methods  of  inspection  or  at  le^ast  escape 

detection  prior  to  expensive  machining  operations.  Such 

troubles  can  be  reduced  by  utilizing  the  experience  of  casting 

specialists  and  adhering  to  their  recommendations  on  casting 

design.  Thus  for  their  alloys,  the  Aluminum  Company  recom- 

mends the  proportioning  shown  in  Figs.  11-7  and  11-8. 

11-3.  Oil  Pumps. — Lubricating  oil  pumps  for  aircraft  engines 

are,  almost  without  exception,  of  the  spur-gear  type.  Oil 
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drawn  into  the  pump  (Fig.  11-9)  fills  the  space  between  the  teeth 

and  is  carried  around  to  the  discharge  side  where  it  is  squeezed 

out  against  the  discharge  pressure  by  the  meshing  of  the  gear 

teeth.  Pump  capacit^^  for  safety,  should  be  appreciably  greater 

than  the  maximum  circulation  requirements  of  the  engine,  and 

the  excess  oil  may  be  by-passed  through  a   pressure  relief  valve 

to  the  inlet  side  of  the  pump. 

Use  of  a   dry-sump  crankcase  requires  one  or  more  scavenger 

pumps  to  transfer  the  lubricant  back  to  the  external  supply  tank. 

The  scavenger  pump,  also  of  the 

spur-gear  type,  takes  the  oil  from 

one  or  more  collection  points  in  the 

bottom  of  the  crankcase;  and  to 

ensure  a   dry  sump  at  all  times,  it  is 

usually  built  with  a   capacity  some- 

what greater  than  that  of  the  pres- 

sure pump.  For  simplicity,  the 

scavenger  pump  is  usually  combined 

Fig.  11-9. — Schematic  diagram  Fia.  11-10. — Diagram  showing  a   method  of 
of  a   gear-type  oil  pump.  determining  the  capacity  of  a   gear  pump. 

with  the  pressure  pump  in  a   common  housing  and  driven  from  the 

same  shaft.  The  scavenger  pump  preferably  should  be  located 

near  the  level  of  the  sump  collection  point  to  avoid  an  excessive 

suction  lift. 

To  arrive  at  suitable  proportions  for  the  gear  pump,  the  dis- 

placement may  be  determined  from  the  volume  of  space  between 

the  teeth.  Thus,  in  Fig.  11-10,  the  volume  of  a   cylindrical  shell 

having  a   length  equal  to  the  face  width  and  a   thickness  equal 

to  the  working  depth  is 

-   (D  -   =   wDhF V   =   [(Z) 
(11-1) 
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where  D   ==  pitch  diameter  of  the  gear,  in. 
Ji  =   working  depth  of  the  tooth,  in. 
F   =   face  Tvidth  of  the  gear,  in. 

Since  the  volume  of  space  between  the  teeth  is  approximately 

one-half  the  volume  of  this  cylindrical  shell,  the  theoridieal 

displacement  per  gear  per  revolution  is  Vs  ̂    and  since  for 

2 
full-depth  teeth  (Table  A3-3)  h   =   the  displacement  of  a 

pump  with  two  gears  is 

2iriyFN 
cii.  m.  per  mm. 

(11-2) 

where  Pa  —   diametral  pitch. 

N   =   r.p.m.  of  the  gears. 

Data  on  pump  proportions  for  typical  engines  are  given  in 

Table  11-2. 

Engine 

type 

4   cyl.t  opposed 

5   cyl.  radial.  .   . 

7   cyi.  radial.  .   . 

9   cyl,  radial ... 

12  cyl.  V   

14  cyl.  ladial.  . 

Table  11-2. — Oil-pvmp  Proportions 

(All  dimensions  in  inches) 

Face 

width 
Diam- 
etral 

pitch 

Num- 
ber of 

teeth 

Pump 

Crankshaft 

Pressure  Pump 

j   C   learanecs  Pump  dis- 

placement* 

cu.  in.  per 

min.  en- End  Side  gine  displace- 

ment, cu. in. 

1.125 10 

13 

1:2 0.005 

0 . 002] 

7.04 
0.75 7 7 

5:4 0.002 0.002! 2.24 
O.S75 

10 
13 

5:0 
0.004 

0 . 003 i 
2 . 355 

0 . 5625 6 7 1:1 0.003 
0.005; 1   .   135 0.75 S 

10  1 

1:1 
0.003 

0.00  s' 

1 . 406 1.25 

r> 

7 1.5:1 
0.004 0 . 003; 3 . 26 

Scavenger  Pump 

5   cyl.  radial .   .   . 0.75 7 5 
0 . 002 

1 
0.0O2[  2.24 

f   0.875 10 13 5 

p   .   003 

0.003:  2.355 
7   cyl.  radial .   .   . 

\l.25 
10 13 5 0 . 003 0.003;  3.36 

9   cyl.  radial.  .   . 0.9375 6 7 1 0 . 003 0 . 005s  1   -   S9 

12  cyl.  V   1 .   125 8 10 1 0 . 003 
[o.oosj  2.11 ( 0.  ,375 i 7 

1   . 5 
0 . 004 

jo  .   003:  0.978 14  cyl.  radial.  . 0.9375 

6   1 

7 

1   .5 

0   004 
jo.oaai  2.45 

(0.9.375 

6 
1   . 5 (>,004’()  003:  2.45 

*   At  rated  engine  speed, 

t   Wet  sump  crankcase. 
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11-4-  Blowers  and  Superchargers. — From  the  relation 

b.h.p.  ==  PBi:43^p/?c/33,000  =   PbDN/7^2,00Q, 

it  is  apparent  that  horsepower  is  proportional  to  size,  speed,  and 

b.m.e.p.  Size  is  a   function  of  cylinder  displacement  and  number 

of  cylinders.  Cylinder  diameter  in  aircraft  engines  is  limited  by 

cooling  requirements  to  about  6   or  7   in.,  and  stroke,  for  reasonable 

^   stroke-bore  ratios,  seldom  ex- 
ceeds 6.5  to  7.5  in.  Also  the 

stroke  is  limited  by  inertia 

forces. 

Speed  in  direct-drive  engines 

is  ordinarily  limited  by  pro- 

peller-efficiency requirements 

to  2,600  or  2,800  r.p.m.,  and 

in  large  geared  engines,  speed 

is  usuall37-  limited  by  valve  gear 
or  other  reciprocating  parts  to 

3,200  to  3,800  r.p.m. 

Mean  effective  pressure 

^   mainlj’'  is  limited  by  detona- /   tion  characteristics  of  the  fuel, 

but  vdth  present  available 

octane  ratings,  fuels, can  with- 

stand mean  pressures  well  in 

excess  of  attainable  values  in 

naturally  aspirated  engines. 

Hence,  with  the  better  fuels, 

considerable  supercharging  can  be  used  before  detonation  limit- 
ations are  reached. 

Fig.  11-1 1.— Roots-type  supercharg- 
ers. Showing  two-lobe  straight  impeller 

(above)  and  three-lobe  spiral  type 

(below).  {From  Roots-Connersville 
Blower  Corporation.) 

Supei'chargers  are  compact  and  light-weight  fluid  pumps 

capable  of  handling  large  volumes  of  air  or  air-fuel  mixture. 

The^"  ma3"  be  used  to  offset  pressure  losses  in  the  induction  mani- 
fold and  carburetor  and  thereby  maintain  atmospheric  pressure 

at  the  inlet  valve  at  sea  level  onl^^  or  up  to  some  predetermined 

cintical  altitude,  or  they  may  be  used  to  increase  the  manifold 

pressure  above  atmospheric  pressure.  Some  sources  maintain 

that  true  supercharging  constitutes  onl^^  the  increasing  of  mani- 

fold pressure  above  atmospheric  sea-level  values,  but  there  is  no 

veiy  definite  line  of  demarkation,  and  general  usage  often  calls 



CRANKCAaSE,  SrPERCirAROERS,  APVESSORIES 

2S9 

Fig.  11-12. — Single-stage  geared  cen- 
trifugal supercharger.  (Prom  S.  -4.  E. 

Jour.,  Vol.  43,  *Vo.  5,  Eovember,  1938.) 

Fig.  11-13. — Two-stage  geared  cen- 
trifugal supercharger.  A,  intake  pipe; 

B,  super  collector  ring;  impeller;  D. 
air  intake:  £,  carburetor:  F,  throttle 

valve;  G,  super  air-pressure  gage;  H, 
intercooler;  /,  autoiuatie  suction  valve; 

J,  air  inlet.  (From  N.  A.  E.  Jour.,  Vol. 

43,  A'o.  5,  Xovembtr,  193S.) 

A- Exhaust  port 
B~  Intake  ^   \ 
C“  Exha usf piping  \ 
D-Carbutetor 

£-  Bfasfgate  control f- Intercooler 
Automatic  super  control  o 

H- Nozzles  ^ 
I-  Turbine 
J~  Nozzle  box 

K~  Air  collector  ring 
Z“  Air  compressor 
M-  Eue! pressure  regulator 
N-  Fuel  pump 
O- Flexible  drive 

P-  Fuel  pressure  gage 
0~  Oil  pressure  gage 
R-  Pressure  control 

S-  OH pressure  conn,  on  engine  kC' 
7“  Iniake  manifold  pressure  gage 
U-  Fuel  tank 

Fig.  11-14. — Exhaust- turbine-drive  centrifugal  supercharger.  iFram  S.  d.  E. 
Jour.,  Vol.  43,  Xo.  5,  Now mber,  193S.) 
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any  type  of  pump  for  increasing  the  amount  of  charge  taken  into  a 

cylinder  a   supercharger. 

IVlost  applicable  types  of  superchargers  are  the  Roots  positive- 

displacement  pump  (Fig.  11-11)  and  the  centrifugal  or  fan  type. 

Roots-type  superchargers  are  gear  driven  from  the  engine  shaft, 

but  centrifugal  types  may  be  either  gear  driven  from  the  shaft 

(Figs.  11-12  and  11-13)  or  exhaust-turbine  driven  (Fig.  11-14). 

At  present,  the  great  majority  of  superchargers  are  of  the  gear- 

driyen  centrifugal  t3’^pe,  although  there  is  a   definite  trend  to  the 

exhaust-turbine-driven  t3"pe  for  high-altitude  operation  (20,000 

to  35,000  ft.). 

11-6.  Supercharger  Power  Requirements. — In  the  Roots 
supercharger,  air  at  pressure  Pb  is 

trapped  in  the  spaces  between  the 

rotors  and  the  housing  and  carried 

from  the  inlet  to  the  exit  side.  When 

the  exit  opening  is  uncovered  by  the 

rotor,  air  at  pressure  Pl  rushes  back 

and  compresses  the  trapped  air. 

Further  movement  of  the  rotors 

then  forces  the  trapped  air  at  pres- 

sure Pl  into  the  exit  or  discharge  pipe. 

A   theoretical  pressure- volume  diagram  for  a   Roots  super- 

charger is  shown  in  Fig.  11-15.  In  this  figure,  net  work  cc  area 

A   BCD  or  =   ff  VdP. 

dP 

Vo  lume 

Fig.  11-15. — Theoretical  P-V 

diagram  for  a   Roots  super- 
charger . 

But 

Hence 

V   ̂   Vb  Vl 

=   Vb  F?  =   Vj^CPi.  - 

where  Ve 

W Pe 

Pl Rp 

R Te 

=   WRTe{Rp  -   1) 

=   volume  of  entering  air,  cxi.  ft.  per  unit  time. 

=   weight  of  entering  air,  lb.  per  unit  time. 

=   inlet  pressure,  lb.  per  sq.  ft.  abs. 

=   discharge  pressure,  lb.  per  sq.  ft.  abs. 

=   Pl/Pe  =   the  compression  ratio. 

=   gas  constant  (=  53.3  for  air). 

=   inlet  air  temperature,  deg.  F.  abs. 

(11-3) 



CRAISTKCASE,  SUPERCHARGERS,  ACCESSORIES  291 

If  W   is  in  pounds  per  minute,  the  tiicoretieal  power  required  is 

33,000 

For  =   Vl,  the  temperature  varies  directly  with  the  pressure, 

hence  the  compression  temperature  is 

Tz.  =   Te  X   Rp  (11-5)  e 

Pe 

BN 

dP 
..'PI/  Ccnsfanf 

In  the  centrifugal  supercharger, 

the  air  attains  a   high  velocity  owing 

to  centrifugal  force,  and  then  the 

kinetic  energy  acquired  contributes 

to  increasing  the  pressure  as  the  air 

slows  down  in  the  exit  space.  A 

theoretical  PV  diagram  for  a   centrifugal  supercharger  is  shown 

in  Fig.  11-16.  In  this  figure,  net  work  cc  area  A   BCD  or 

Volume 

Fig.  — Theoretical  P-V 

diagram  for  a   cent  rif ugal  sui>er- 
charger. 

But 

From  which 

Hence 

pyK  =   p^yK  ^ 

_   Pe^^^Ve 
^   pi/K 

d 

pi/K  K   -   1 

K 

K   —   1 

■-  -vA— r   - 
J\.      1 

-   1]  (11-6) 

where  K   ==  Cp/Cv  =   adiabatic  compression  exponent  (==  1.4  for 
air) . 

y p,  =   volume  of  entering  air,  cu.  ft.  per  unit  time. 

=   inlet  pressure,  lb.  per  sq,  ft.  abs. 

P 1=  discharge  pressure,  lb.  per  scp  ft.  al)s. 

II =   P P E   =   the  compression  ratio. 

W   ==  weight  of  entering  air,  lb.  per  unit  time. 
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E   ==  J(Ci>  —   Cv)  =   gas  constant  (=  53.3  for  air). 
=   inlet  air  temperature,  deg.  F.  abs. 

j   =   77S  ft.  lb.  per  b.t.u. 

Cp  =   specific  beat  at  constant  pressure  (=  0.24  for  air). 

Or  ==  specific  heat  at  constant  volume  (=  0.17  for  air). 

If  W   is  in  pounds  per  minute,  the  power  required  for  theoretical 

or  adiabatic  compression  in  the  centrifugal  supercharger  is 

Adiabatic  hp. 

WRT. 

33,000 

WJCpTe  ,   ■ 
33,000 

K-  1 

[Rp  ̂  

- 1 

11 

and  the  compression  temperature  is 

Te  =   Te  y: 

1}  (ll-7a) 

(11-76) 

(ll-8a) 

Frequentl^^  it  is  useful  to  know  the  adiabatic  temperature  rise 

Ata  which  is 

Te  -   Te  =   Ata  =   -   1]  (11-86) 

Due  to  turbulence,  friction,  etc.,  the  actual  fluid  horsepower 

required  by  the  centrifugal  supercharger  is  considerably  greater 

than  the  adiabatic  horsepower.  When  the  actual  compression 

temperature  T l   or  the  temperature  rise  Ata  is  known,  a   polytropic 

exponent  n   may  be  found  from  Eq.  (11-8)  and  then  used  in 

Eq.  (ll-7a)  to  get  the  actual  fluid  horsepower.  Then 

_   adiabatic  hp. 
fluid  hp. 

_   fluid  hp. 

^   input  hp,  to  supercharger 
Cs  Ca  Ctti 

where  €a  ==  compression  or  adiabatic  temperature  efficiency. 

=   mechanical  efficiency  of  the  supercharger  drive. 

Cs  =   over-all  adiabatic  efficiency. 

Values  of  the  polytropic  exponent  n   have  been  found  from  prac- 

tice usually  to  range  between  1.6  and  1.8,  and  corresponding 

adiabatic  temperature  efficiencies  usually  range  between  70  and 

80  per  cent.  Mechanical  efficiencies  may  be  taken  as  85  to 

90  per  cent.  Hence,  an  over-all  adiabatic  efficiency  of  65  per 

cent  is  a   reasonable  assumption  for  design. 

(11-9) 

(11-10) 

‘(11-11) 
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Another  efficiency  expression  sometimes  used  in  eoiiiiectioii 

with  Roots  superchargers  is  the  Roots-ty|>e  efficieiiey  whicli  may 

be  defined  as  the  ratio  of  the  work  to  compress  ailiabatically,  as 

Fig.  11-17. — Compression,  temperature,  and  theoretical  horsepower  reqiiired 

to  compress  1   lb.  of  air  per  sec.  from  standard  pressure  and  teiuperature  at 

altitude  to  29.92  in.  Hg.  {Data  from  NACA  Tech,  Rept.  384.) 

in  the  centrifugal  supercharger,  to  the  work  required  at  constant 

volume,  as  in  the  Roots  supercharger.  Thus,  from  Fig.  11-16, 

Area  A   BCD  oc  ^   "   x-  . 

And  from  Fig.  11-15, 

Area  ABCD  TF.et  =   PbVe(R^  -   1) 
or 

K 

Roots-type  efficiency  ^ K   -   1 
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Inspeetioii  of  Eq.  (11-12)  shows  that  the  centrifugal  super- 
charger is  less  wasteful  of  power  than  the  Roots  and  becomes 

increasingly  so  as  the  compression  ratio  is  increased.  Inlet 

pressure  Pe  decreases  with  altitude;  hence  to  maintain  sea-level 
power,  Rp  must  be  increased  with  altitude.  Thus,  the  centrifugal 

supercharger  is  preferable  for  engines  with  high  critical  altitudes 

(Fig.  11-17). 

Example  1. — A   5.25-  by  5.25-in.,  2,300-r.p.m.,  nine-cylinder,  5.5:l-com- 

pression-ratio  engine  rated  500  b.hp.  at  5,000  ft.  altitude  (Patm  —   24.9  in. 

Hg  abs.,  ==  41.2°F.)  has  a   fuel  rate  of  0.53  lb.  per  b.hp.  hr.  and  an  air- 
fuel  ratio  of  12.5: 1   by  weight,  an  over-all  adiabatic  efficiency  of  65  per  cent 

being  assumed,  estimate  the  horsepower  required  to  drive  the  supercharger. 

Solution, — The  b.m.e.p.  is 

500  X   33,000  X   12  X   12 

5.253  X   0.785  X   2,300  X   9 
169  lb.  per  sq.  in. 

From  Fig.  1-9*4,  the  intake-manifold  pressure  is  approximately  42  in.  Hg 

abs.  ==  Pl,  hence 
42 

24.9  =» 

1.688 

The  weight  of  charge  isf 

500  X   0.53  X   (12.5  -h  1)  ^ 
T1  =     !     =»  59-5  lb.  per  mm. 60 

From  Eq.  (11-75), 

Adiabatic  hp.  =   . 77^. O^X. .(41^  4bQ) 33.000 
=   27.45 

And  for  an  over-all  efficiency  of  65  per  cent 

Input  hp.  =   =   42.2 

11-6.  Impeller  Speed. — To  attain  desired  pressure  ratios  with 
compactness  and  light  weight,  it  is  necessary  to  rotate  centrifugal 

impellers  at  speeds  of  the  order  of  15,000  to  30,000  r.p.m.  At 

such  speeds,  centrifugal  stresses  are  very  high,  and  to  attain  the 

*   For  a   supercharger  with  a   Ventxiri-type  carburetor  in  the  inlet,  slightly 
greater  accuracy  will  be*  had  if  allowance  is  made  for  carburetor  drop  which 

will  reduce  Pe  by  0.5  to  1.0  in.  Hg. 

t   An  alternate  procedure  for  design  purposes  is  to  assume  an  air  require- 

ment of  0.11  to  0.12  lb.  of  air  per  b.hp.  per  iiiiii. 



CRAN^KCASE,  SUPERCHARGERS.  AfYA^SS(RH  ES 295 

necessary  strength  and  precision  of  balance,  iiii|:)e!!er  furnis  must 

be  used  that  are  structurally  strong  and  can  lie  at'curately 

fabricated  without  prohibitive  cost.  These  requirements  appear 

to  be  most  feasible  of  attainment  with  forged-steel  or  aliimiiiiim- 

alloy  impellers  having  straight  radial  blades  even  though  tlieory 

indicates  that  a   suitably-  curved  blade  may  !>e  superior  from  a 
fluid-flow  standpoint. 

!Fig.  11-lS. — Vector  diagram  of  air  flow  into  and  out  of  a   ceixtrifugal-supereliarger 

impeller. 

Referring  to  Fig.  11-18,  let 

=   velocity  of  the  air  in  the  inlet  pipe  to  the  impeller, 

f.p.s. 

cci  =   angle  between  the  direction  of  the  incoming  air  and  the 

plane  of  rotation  of  the  impeller. 

=   tangential  velocity  of  the  impeller  at  the  point  of 

entry  of  the  air  to  the  impeller,  f.p.s. 

ir^  =   ttDiN. 

Di  =   diameter  of  the  impeller  at  ̂ the  point  of  entry  of  the 

air,  ft. 

N   —   impeller  speed,  r.p.s. 

=   velocit}-  of  the  air  relative  to  the  impeller  at  the  point 

of  entry  of  the  air  to  the  impeller,  f.p.s. 
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=   angle  between  Vri  and  a   line  normal  to  the  blades  at 

the  point  of  entry  of  the  air  to  the  impeller. 

=   velocit3"  of  the  air  relative  to  the  impeller  at  the  point 

of  exit  from  the  impeller,  f.p.s. 

p2  =   angle  between  Vr2  and  a   line  normal  to  the  blades  at 

the  point  of  exit  of  the  air  from  the  impeller. 

U2  =   tangential  velocity"  of  the  impeller  at  the  point  of  exit 
of  the  air  from  the  impeller,  f.p.s. 

r.  =   TrDoiV. 

D2  =   diameter  of  the  impeller  at  the  point  of  exit  of  the  air, 
ft. 

p's  =   velocity  of  the  air  at  the  point  of  entry  to  the  diffuser 
space,  f.p.s. 

CX2  =   angle  between  V2  and  U^- 

Considering  first  an  ideal  frictionless  case  and  using  a   unit 

weight  of  1   lb.  of  air  as  a   basis,  tlie  impulse  force  given  the  air 

leaving  the  impeller  wall  be 

T^2  cos  Q!2 

The  torque  to  produce  this  force  is 

cos  a2 

But 

U2  = 
and  the  w^ork  required  is 

Hence 

W2  == 

2   cos 
(11-13) 

The  tangential  velocity  U 2   is  quite  large  in  terms  of  the 

relative  velocity  V r2,  so  0^2  is  small.  If  the  air  leaves  in  a 

true  radial  direction  relative  to  the  impeller,  ̂ 2  =   90  deg.  and 

F2  cos  a 2   ̂    U2;  hence 

(11-14) 
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Actually,  the  air  passing  through  the  Impelicn*  teiuls  to  pile  up 

against  the  following  blade  (Fig.  11~10)  so  tliat  d-  <   00  deg., 

and  this  effect  combined  with  a   finite  value  for  ly,-  i   >   0) 

results,  for  radial  blades,  in  cos  a2  always  being  less  than 

According  to  Pye,«  Fa  cos  ao  =   0.S5  to  OAAS  X   ̂7-;  hence 

ti  =   c'  (11-15) 

where  C   =   0.85  to  0.98  and  varies  inverstdy  with  the  quantity  of 
flow. 

Air  entering  the  impeller  (Fig.  11-lSA)  meets  the  blades  at 

the  relative  velocity  Vri  and  at  an  angle  fii  to  a   line  normal  to  the 

Fiq.  11-19. — Air-flow  path  between  the  blades  of  a   centrifugal  supercharger 

impeller;  (A)  with  fiat  radial  blades;  i,B)  with  curved  entering:  edges. 

blade  surface.  Hence  the  component  of  relative  entering  velocity 

normal  to  the  blade  is  Fa*i  cos  di.  and  the  impact  per  unit  weight 

of  air  is  V%i  cos-  ̂ \/2g.  If  this  force  is  considered  to  act  at 

the  center  of  area  of  the  passageway  between  the  entering  edges 

of  the  blades,  the  work  to  overcome  this  impact  loss  will  be 

(11-16) 

If  flat  radial  blades  are  used  and  the  air  approaches  the  impel- 
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ler  from  a   direction  normal  to  the  plane  of  rotation  {i.e.,  a.i  =   90 

deg.)j  impact  component  V ri  cos  iSi  will  be  equal  to  Ui  and 

(11-17) 

Several  methods  may  be  used  to  reduce  entering-impact  losses, 

(a)  giving  the  air  a   helical  or  whirling  motion  in  the  inlet 

passageway  to  the  impeller,  on  can  be  made  less  than  90  deg. 

This  will  reduce  Vri,  but  the  pressure  loss  in  the  inlet  passage 

incident  to  producing  this  whirling  will  reduce  Pi,  and  for  a 

Fig.  11-20. — Impeller  and  diffuser  arrangement  for  a   Pratt  and  Whitney  cen- 
trifugal supercharger. 

given  desired  manifold  pressure,  increase  the  compression  ratio 

Rpj  hence  the  work  of  compression  [Eq.  (11-6)],  so  that  the  net 
gain  may  be  small.  (b)  Vi  may  be  increased  with  resulting 

increase  in  Pi  and  decrease  in  cos  pi,  but  here  again  an.  accom- 

panying pressure  loss  in  the  inlet  pipe  will  be  had.  (c)  Probably 

the  most  effective  way  to  reduce  the  entering-impact  loss  is  to 

curve  the  entering  edges  of  the  blades  (Fig.  11-19P)  so  that  they 

are  in  line  with  V m.  This  amounts  to  increasing  pi  to  90  deg., 

and  as  cos  90  deg.  =   0,  this  thoorotieally  would  eliminate  the 

entering-impact  loss.  Actually,  with  blades  of  finite  thickness 

and  a   practical  radius  of  curvature,  some  turbulence  would 
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remain,  but  using  thin  warped  l>lades,*  /.f  by  varying  the 

curvature  with’the  distance  from  the  impeller  sliaft 

the  net  gain  would  still  be  consideral)le.  Tliis  warping  may  be 

accomplished  without  curvature  in  the  plane  of  rotation 

without  sacrifice  in  strength)  by  the  arrangement  sliown  in 

Figs.  11“20  and  11-21. 

Since  the  cross-sectional  area  of  the  inlet  pipe  is  fixed, 

will  vary  with  the  quantity  of  air  flowing,  be.,  with  the  load  on 

the  engine.  Hence,  for  a   constant 

impeller  speed  (Ui  =   a   constant), 

01  will  decrease  with  Vi,  and  the 

change  in  direction  of  the  air  at 

entry  will  increase.  When  0i 

reaches  some  minimum  value  de- 

pending upon  the  design,  the  motion 

of  the  air  wfill  change  from  a   stream- 

line to  a   turbulent  flow,  and  a   con- 

dition analogous  to  burbling  over 

an  airfoil  at  high  angles  of  attack 

will  result.  When  an  airfoil  is  in- 

creased in  angle  of  attack  beyond 

the  stall  point,  the  lift  drops  off 

rapidly,  and  the  equivalent  effect 

in  centrifugal  superchargers  is  an 

abrupt  decrease  in  the  compression 

ratio.  For  an  airfoil,  as  the  angle 

of  attack  decreases  below  the  stall 

angle,  the  lift  decreases  gradually 

and  the  equivalent  effect  in  a   centrifugal  supercharger  is  a   gradual 

decrease  in  compression  ratio  with  increase  in  the  ciuantity  of 

air  flowing. 

This  analogy  with  airfoils  would  indicate  the  desirability  of 

an  impeller  with  blades  having  an  entering  edge  that  could  be 

adjusted  in  curvature  as  the  quantity  of  air  flowing  was  varied. 

An  automatic  mechanism  (comparable  to  the  automatic  pitch- 

varying  mechanism  in  propellers)  would  be  ideal,  but  complexity 

and  cost  might  more  than  offset  the  gain  in  performance.  Pos- 

*   This  warping  is  analogous  to  the  warping  of  propeller  blades. 

Fig.  11-21. —   Impeller  with 

curved  entering  edges  shaped  to 

reduce  entering-inipaet  and  tur- 
bulence losses  without  saoritiee  in 

strength. 
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sibly  the  best  compromise  is  detachable  curved  entering  edges 

that  can  be  interchanged  for  different  desired  performance 

ratings.  "Suitably  slotted  entering  edges  (like  leading-edge  wing 
slots)  might  also  merit  investigation. 

By  assuming  that  the  entering  edges  of  the  impeller  blades 

are  suitably  shaped  to  minimize  entering  impact  losses  and 

turbulence,  a   relation  among  i>2,  and  N   can  be  obtained  by 

combining  Eqs,  (11-6)  and  (11-15).  Thus,  per  pound  of  air 
flowing 

or 

N   = 

'gJC^Tj^ 

\ec, 

(11-18) 

Avhere  T\  =   Te. 

It  should  be  borne  in  mind  when  planning  a   supercharger  design 

that  air-flow  characteristics  are  adversely  altered  as  the  moving 

air  approaches  the  velocity  of  sound,  and  since  V2  ̂    U2,  it  is 

ad\dsable  to  keep  the  impeller-tip  speed  below  1,200  to  1,500 

f.p.s.*  Thus  to  attain  compression  ratios  greater  than  about 

2.5  to  3   or  to  maintain  sea-level  pressures  to  critical  altitudes 

greater  than  about  20,000  to  25,000  ft.,  two  or  more  stages  of 

compression  should  be  used. 

Example  2. — For  the  engine  in  Example  1,  determine  the  impeller  speed, 

tip  speed,  and  drive-gear  ratio  if  the  impeller  diameter  is  in. 

Solution.— For  Eq.  (11-18),  g   =   32.2,  J   =-  778,  Cp  «   0.24, 

Ti  =«  41,2,4-  460  «   501.2, 

C   «   0.85,  £>2  =   7.5/12  =   0.625,  e*  =   0.7,  Rp  ==  1.688,  K   =   1.4. 

2.2  X   778  X   0.24  X   501.2 

-   0.85  X   X   0.6252  X   0.7 

r.p.m.  =   461  X   60  =   27,660 

Tip  speed  =   tt  X   0.625  X   461  =   905  f.p.s. 

rx  •   4.-  27,660  . 
Drive-gear  ratio  —   o   ^12:1 

(1.6880-286 

=   461  r.p.s. 

11-7.  Impeller  Details. — To  avoid  restricting  the  flow  into 

the  impeller,  the  area  of  passageway  into  the  impeller  should  be 

*   The  velocity  of  sound  will  be  greater  than  in  standard  air  because  of  the 
increased  temperature  of  the  air  in  the  impeller. 
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approximately  equal  to  the  area  of  the  inlet  pipe.  The  area 
of  the  inlet  pipe  may  be  found  from 

Q “   ^   -   (11-19) 

where  Q   =   quantity  of  charge,  e.f.s. 

Vo  =   mean  velocity  in  inlet  pipe,  f.p.s. 
^0  =   area  of  inlet  pipe. 

Ro  =   radius  of  inlet  pipe. 

The  entr^’’  area  normal  to  the  direction  of  flow  (Fig.  11-22)  is the  lateral  area  of  the  frustrum  of  a   right  circular  cone  in  which 
S   is  the  slant  height,  Rh  is  the  radius 

of  one  base,  and  R^  +   S   cos  y   is  the 

radius  of  the  other  base.  Then 

A 1   =   7rS{2Rj^  +   /S  cos  y)  —   Sfibt  ==  ttRI 

or 

=   S^  cos  r   +   2RhS 

-20) 

where  y   ==  angle  of  approach  to  the 
impeller, 

Ub  =   number  of  blades, 

t   =   thickness  of  the  blades, 

also 

Hence 
cos  y   = 

=   Rh  S   cos  y   (11-21) 
Fiu.  11-22. — Diagram  for  relating 

impeller  dimensions. 

Kxample  3. — For  the  engine  in  Examples  1   and  2,  determine  the  inlet 
diameter  of  the  impeller  if  the  angle  of  approach  is  15  deg.,  the  impeller  hul^ 

diameter  is  1.5  in.,  there  are  14  impeller  blades  having  an  entering-edge 

thickness  of  0.0625  in.,  and  the  mean  velocity  in  the  inlet  pipe  is  150  f.p.s. 

Solution. — -At  5,000  ft.,  the  specific  volume  of  entering  charge  is  approxi- 
mately 

c,  ,   V   Jtx  j   53.3  X   501.2  ^   ^   „ 
Specific  volume  =   ^   =   34  9*  ̂    0.49rx  144  = 
Then 

Q   15.2  X   59.5 

See  footnoteC*),  p.  294. 
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Ro  = 

X   144 
=   2.14  in. 

Assume  that  the  diameter  of  the  inlet  pipe  (   =   2   X   Ro)  is  4.25  in.  Then, 

from  Eq.  (11-20), 

4.57  =   0.9659^2  +   1.55'  -   ̂    - TT 

from  which  S   ==  1.656  in.  Substituting  this  value  in  Eq.  (11-21) 

Ri  =   0.75  -f  1.656  X   0.9659  =   2.35  in. 

Hence^  the  diameter  of  the  impeller  at  the  inlet  is 

D^  =   2Ei  =   4.7  in. 

To  minimize  turbulence,  the  air  passing  through  the  impeller 

should  be  turned  gradually  into  the  plane  of  rotation.  This 

indicates  the  desirability  of  a   large  radius  of  curvature  R, 

Fig.  11-22.  In  this  figure, 

also 

or 

jRo  ”   F   “I-  R   cos  O'  d-  Rji 

_   ̂2  —   F   —   Rh 

cos  y 

R   —   Iji  R   sin  y 

Li  =   R(1  —   sin  y) 

(11-22) 

(11-23) 

Hub  curvature  R   will  be  a   maximum  when  F   =   0,  but  this 

may  give  a   hub  length  Li  to  the  impeller  that  is  greater  than 

desirable,  z.e,,  the  weight  of  the  impeller  may  be  excessive. 

Hence  a   compromise  between  turbulence  [=  f(R)]  and  impeller 

weight  may  be  in  order. 

Example  4- — For  the  engine  in  the  preceding  three  examples,  assume 

E   =   1   in,  and  determine  the  hub  length  and  curvature. 

Sohitioji. — For  Eq.  (11-22),  =   D^/2  —   3.75  in.,  Rh  =   0.75  in.,  and 
•y  —   15  deg.  Then 

R 3.75  -   1   -   0.75 
0.9659 

2.075  in. 

and  from  Eq.  (11-23), 

jLi  =   2.075(1  —   0.2588)  1.539  in. 

The  over-all  huh  length  will  be  increased  by  the  thickness  of  the  back  side  of 

the  impeller  disk,  but  some  weight  may  be  saved  by  dishing  in  the  back  end 
of  the  hub. 
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Assuming  a   constant  area  of  passage,  tlie  \vi<ith  of  the  blades 

Wb  normal  to  the  moving  air  in  the  impeller  may  be  found  as 

follows : 

In  the  passages  where  the  air  is  being  turned  into  the  plane 

of  the  impeller,  the  cross-sectional  area  of  passages  is  the  lateral 

area  of  a   frustrum  of  a   right  circular  cone  minus  the  area  occupied 

by  the  blades.  Thus,  in  Fig.  11-22, 

A   —   ttJJ  bin X   —   n&fTl  5 

Rx  =   R   ^2  --  F   —   R   sin  cc 

Ry  ==  Rx  Hh  II  b   sin  ct 

and  in  the  straight  radial  passage 

A   =   2TrRxWb  -   nttWb  (11-27) 

(11-24) 

iU-25) 

Example  6- — For  the  engine  in  the  preceding  four  examples,  determine  the 
width  of  the  blades  for  constant  area  of  passage. 

Solution. — A   (=  Ao)  =   14.4  sq,  in.,  n&  =   14,  f   —0.1  in.,  /i?2  ==  3.75  in., 

F   ==  1   in.,  22  =   2.075  in.  For  a:  =   0 

Rx  =   3.75  -   1   -   0   *   2.75  (   =   RA 

14.4  =   7rWb{2,7o  -h  2.75)  -   14  X   0.1  X   Wb 

Wb  =   0.905  in.  ( =   La) 

For  a   —   10  deg.,' sin  a   —   0.1736,  and 

Rx  ■■  3.75  —   1   —   2.075  X   0.1736  =   2.39  in. 

Ry  ■■  2.39  +   0.17360X 
14.4  =   7rTrd2.39  +   2.39  +   0.1736ird  —   14  X   0.1  X 

Wb  ■■  1.05  in. 

Ry  =   2.39  A   1.05  X   0,1736  -   2.572  in. 

Similarly, 

For  o:  =   20  deg. 

For  a   =   30  deg.. 

For  a:  =   40  deg. 

For  O'  =   50  deg. 

For  o:  =   60  deg. 

For  or  =   90  —   7 

R^  =   2.041  in., 

Rx  =   1-7125  in.. 

Rx  =   1.417  in., 

Rx  =   1.16  in., 

Rx  —   0.952  in., 

=   75  deg.  and  t 

Ry  =   2.434  in.^ 

Ry  ==  2.345  in., 

Ry  —   2.316  in. 
72,,  =   2.32  in., 

Ry  -   2.337  in. 0.0625  in.; 

Wb  = 

1.15  in. 

ir^  = 

1.265  in. 

Wb  = 

1.4  in. 

Wb  = 

1.5125  in. 

Wb  - 

1.5975  ill. 

Wb 

1.644 

1.656  = 

thus  checking  the  previous  relations  involving  Ri. 

In  the  straight  radial  portion  of  the  impeller,  the  blade  width 

varies  inversely  as  the  radius  [Kci-  (1 1-27)1.  Hence  the  tip  width 

may  be  calculated  directly  as 
14.4 

2ir  X   3.75  -   14  X   0.1 

0.65  in. 
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If  it  is  assumed  the  energy  imparted  to  the  air  in  the  impeller 

is  all  retained  by  the  air,  the  work  done  by  the  impeller  will  be 

divided  between  increasing  the  kinetic  energy  and  the  enthalpy 

of  the  air.  Thus 

or 

But  from  Fig.  11-18, 

^   VI  =   VI,  +   (F2  cos  €.2)^  V%,  +   Ff  +   C^l 

And  from  Eq.  (11-15), 

Hence,  the  temperature  rise  in  the  impeller  is 

rr.  _   'rp  _   2C  Ul  - 

2gJC^ 

and  the  corresponding  temperature  ratio  is 

.     

Tx 

2gJC„Tx 

By  applying  the  temperature-volume  relation 

(11-28) 

(11-29) 

T2 

in  Eq.  (11-29),  the  change  in  the  specific  volume  of  the  air  passing 

through  the  impeller  can  be  expressed  as 

f2GUl  - V   2gJC^T^ 
(11-30) 

Example  6. — Determine  the  eifect  of  change  in  specific  volume  of  the 
charge  on  the  tip  width  L-o  of  the  impeller  in  Example  5. 

Solution. — The  specific  volume  of  the  air  entering  the  impeller  is  15.2 

cu.  ft.  per  lb.  (Example  3),  C   ̂   0.85,  U2  =   905  f.p.s.,  Ti  501. 2°F.  abs. 
From  Eq.  (11-30), 
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1   X   0.85  X   905-  -   0,85^  X 

2   X   32.2  X   77S  X   0.24  X   501.
2  1.1329*-“ 

V2  —   ~   cu.  ft.  per  lb. 

The  volume  per  second  is 

1.3Cki 

11.112  =   11.02  c.f.s. 

For  Fi22  150  f.p.s. 

X   144  =*  10-6  sq.  in. 

From  Eq.  (11-27),  the  tip  width  is 

r   10.6  n   lo  ■   . 

23r  X   3.75  —   14  X   0.1  ' 

This  value  for  tip  width  is  based  on  assumed  adiabatic  flow  through  the 

impeller.  Actually,  impeller  losses  will  place  the  tip  width  somewhere 

between  0.65  and  0.48,  say  at  about  0.55  in.,  but  experimental  data  are 

necessary  to  determine  the  best  value  for  L^. 

11-8.  Diffusers. — Diffusers  are  designed  to  convert  the  kinetic 

energy  of  the  air  leaving  the  impeller  into  pressure  energy,  and 

they  may  be  made  either  with  or  without  guide  vanes.  Gen- 

erally for  in-line  and  V-engines,  the  air  or  mixture  is  led  off  from 

the  diffuser  housing  through  one  or  two  pipes,  and  this  makes 

possible  the  use  of  a   long  spiral  diffuser  of  gradually  increasing 

cross  section  (Fig.  11-23).  In  radial  engines,  usual,  though  not 

universal,  practice  is  to  provide  a   diffuser  with*  vanes  which 
guide  the  air  into  a   collector  ring  to  which  individual  pipes  lead- 

ing to  each  cylinder  are  attached,  usually  at  an  angle  (Fig.  11-20). 

The  long  spiral  diffuser  permits  a   more  gradual  conversion  of 

kinetic  energy,  and  this  would  indicate  less  turbulence  and 

perhaps  slightly  greater  efficiency,  but  the  arrangement  of 

cylinders  and  space  limitations  make  the  apijlication  difficult  in 

radial  engines. 

If  not  restricted  radially,  air  leaving  the  impeller  will  form  a 

free  vortex.  If  the  axial  Avidth  of  the  diffuser  is  held  constant, 

say  at  impeller  tip  width  Ai>,  the  area  in  a   radial  direction  will  A^ary 

directly  as  the  radius;  hence  the  radial  component  of  velocity 

V R   Avill  A"ary  inversely  as  the  radius.  For  constant  angular 
momentum  AIV R   =   constant.  The  tangential  component  T   r 

( =   y   cos  ol)  Avill  also  vary  iuA^ersely  with  the  radius.  Thus  the 
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resultaat  velocity  will  deci'ease  from  impeller-tip  velocity  Y 2 

inv^ersely  as  the  radius,  and  the  air  will  follow  a   logarithmic 

spiral  path,  i.e.,  o:  =   aa  =   constant.  With  increasing  density. 

Pig.  11'-23. — Impeller  and  spiral  volute  type  of ,   diffuser  for  a   Mercedes-Benz 
inverted  V- 12  engine.  {From  S.A.E,  Jour.y  Vol.  49,  JSfo.  4,  October^  1941.) 

however,  the  radial  component  of  velocity  will  vary  inversely 

as  the  product  of  the  radius  and  density,  i.e,y 

W 
Q   —   —   A^rVr  — 

or 

vr  
=• 

W 
2,wRL2d Wv (11-31) 

where  W   =   air  flow,  lb.  per  sec. 

V   —   specific  volume,  cu.  ft.  per  lb. 

The  tangential  component  will  not  be  affected  by  change  in  the 

density  since  the  mass  M   is  unaffected.  Hence,  the  air  will 

deviate  from  a   logarithmic  spiral  path.  However,  by  using  the 

mean  density  dm  or  mean  specific  volume  Vm  in  the  diffuser,  a.  will 

remain  constant  and  the  mean  path  of  the  air  can  be  approxi- 

mately  represented  by 

R   = 
where  e   —   2.718  +   . 

e   =   angle  between  R<2,  and  R   expressed  in  radians. 

(11-32) 
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Example  7, — For  tiie  superc'luir^er  in  tin.*  piwodmix  A'‘tr.n-inme 

the  absolute  velocity  and  the  api:»ruxin»ate  incao  fuitli  tliai  the  air  would 
follow  in  the  ditfuser,  if  it  was  not  restrictcnl  lyv  ji^juide  \anes. 

Solution. — For  the  mean  spocitic  volunnx  exporinient a!  data  on  ditTin>er 
entering  and  leaving  pressures  and  teiiiperatnres  :ire  al,  !>ut  if  iiiiavuil- 

able,  an  approximation  may  he  made  as  follows: 

From  Example  1,  the  manifold  pressure  is  42  in.  Hg  al>s.,  AV  =   l.tiSS, 

Ti  =   501.2,  the  adiabatic  horsepower  =   27.45, 

IF  =   59.5  lb.  charge  j>er  niiniite, 

and  for  an  assumed  adiabatic  temperature  etiiciency  of  Ca  =   0.7, 

Fluid  hp,  =   39-3 

Hence  an  equivalent  polytropic  exponent  based  on  Eq.  i   11-751  is. 

39.3  X   33,000 

59.5  X   778  X   0.24  X   501.2 
4-  1   1.232 

from  which  n   =   1.669  and  ■   =   0.4 

From  Eq.  (11-8),  the  manifold  temperature  is 

T —   =   501.2  X   1.6880-^  ==  619^F.  abs. 

and  the  specific  volume  in  the  manifold  is 

R7^  53.3  X   619 

42  X   0.491  X   144 
11.1  cii.  ft.  per  lb. 

For  adiabatic  conditions,  the  specific  volume  leaving  the  impeller  (Exam- 

ple 6)  was  v-i  ==  11.112,  but  for  n   =   1.669,  Vi  =   15.2  1.1329^-^-^^  =   12.6. 

These  two  values  for  vt  probably  bracket  the  actual  value  since  most  sources 

consider  the  impeller  to  be  more  efficient  than  the  diffuser.  Hence  it  seems 

reasonable  to  assume  v>i  »   12,  and,  for  the  diffuser, 

12  +   U.l  -   ,   „ 
«   ll.o  eu.  ft.  per  lb. 

From  Eq.  (11-31),  the  radial  component  of  velocity  at  the  impeller  tip  is 

59.5  X   11.5  X   144  to-  r 

“   60  X   ‘2ir  X   3.75  X   0.55  ' 

The  tangential  component  is 

Fj..,  =   rr.,  «   0.S5  X   905  =   769  f.p.s. 

arc  tan 

  ^769 
cos  9"22' 

76  9   =   tan  0.1652  =   9‘^22' 

780  f.p.s. 

and 
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From  Eq.  (11-32),  for  d   =   30°  ==  E   =   0.525  radian 

R   =   3.75  X   2.7180-525X0,1652  ^   4.09  in. 

For  constant  angular  momentum,  for  d   =   30° 

Vt  =   Fra  X   —   X   769  X   =   705  f.p.s. 

and  the  absolute  velocity  of  the  air  is 

705 

Similarly  for 

^   =   60  90  120      566  deg, 

R   =   4.45  4.85  5.3     19.25  in. 

Y   =   665  601  551      150  f.p.s. 

These  calculations  show  that  to  slow  the  air  down  to  initial 

velocity  Fq  ~   F   =   150  f.p.s.  in  a   free  vortex,  the  diffuser  would 
have  to  be  abnormally  large  in  diameter  and  the  diffuser  housing 

would  have  to  be  quite  long.  Wall  friction  and  turbulence  tend 

to  reduce  both  R   and  6,  and  if,  in  addition,  the  axial  width  is 

increased  by  passing  the  air  to  a   spiral  volute  chamber  of  uni- 

formly increasing  circular  or  oval  cross  section,  the  vaneless 

diffuser  can  be  used  with  in-line  or  V-engine  superchargers. 

Example  8. — By  assuming  that  the  radial-engine  supercharger  in  the 

previous  examples  is  to  be  adapted  to  a   V-engine  of  equivalent  size  and  per- 

formance, determine  the  diameter  of  the  outlet  from  the  diffuser. 

Solution, — From  Example  7,  the  specific  volume  at  the  diffuser  outlet  is 

i^man.  —   11.1  cu.  ft.  per  lb.,*  hence,  if  a   mean  outlet  velocity  equal  to  the 

inlet  velocity  (F  =   Fo  =   150  f.p.s.)  is  assumed,  the  diameter  of  the  outlet  is 

TT  _   11.1  X   59.5 
4   150  X   60 

or 

D   ̂   0.3055  ft.  =   3.665  in. 

For  vaned  diffusers,  the  passageways  through  the  diffuser 

may  be  likened  to  the  exit  cone  of  a   wind  tunnel  wherein  energy 

losses  are  due  to^  wall  friction,  angular  divergence  of  the  cone, 

and  kinetic  energy  losses  as  the  air  leaves  the  exit  cone.  Applied 

to  diffusers,  these  losses  are  somewhat  conflicting  in  that  excessive 

length  of  the  passageway  will  increase  skin  friction  and  the  bulk 

of  the  diffuser  housing,  a   short  length  with  a   large  apex  angle 
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will  incre^ase  divergence  losses,  and  a   short  length  witli  a   sinai! 

apex  angle  will  increase  exit  losses.  In  adtiition,  with  diffur'ers, 

any  abrupt  change  of  direction  of  the  air  entering  or  le;iving 

will  be  accompanied  by  impact  losses.  Hence,  usual  practice  is 

to  allow  the  air  to  form  a   free  vortex  from  tip  railius  outward 

J2  to  1   in.  to  the  diffuser-vane  entry  radius  /?3  and  then  set  the 

entering  edges  of  the  vanes  parallel  to  the  path  of  the  entering 

air,  i.e.y  tangent  to  the  logarithmic  spiral  at  radius  R^,  Since 

/■.msr  cr  irr.CT.!  en:»! 

Fig.  11-24. — Percentage  losses  in.  exit  cones  of  various  forms.  {From  ^”.40.^4 Tech.  Kept.  73.) 

Vr  varies  with  the  quantity  of  flow,  fixed  vanes  can  be  set 

correctly  for  one  condition  of  operation  only. 

Diffuser  vanes  may  be  straight  or  curved  toward  the  natural 

free  path  and  of  uniform  thickness  or  they  may  be  wedge  shaped 

(Fig.  11-20).  Straight  vanes  give  the  greatest  deAuation  from 

the  natural  path,  wdiereas  curved  vanes  (usually  arcs  of  circles) 

allow  a   more  gradual  conversion  of  kinetic  energy,  i.c.,  the 

effective  length  of  the  passageway  is  increased  and  this  would 

indicate  a   reduction  in  the  losses  (Fig.  11-24).  However,  with  a 

limited  number  of  \'anes  of  constant  thickness,  it  is  difficult  to 

attain  a   low  enough  angle  of  divergence  or  vertex  angle  (tig. 

11-24)  to  avoid  excessive  turbulence  in  the  passageway.  By 
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gradually  increasing  the  thickness  of  the  vanes  from  radius 

to  radius  i?4,  the  angle  of  divergence  can  be  kept  low,  and  this 

would  indicate  an  increased  efficiency,  but  the  increased  losses 

resulting  from  the  higher  exit  velocity  from  the  diffuser  passage- 

way  might  largely  offset  the  gain.  Apparently,  experimental 

methods  are  necessary  to  determine  the  best  proportions. 

Example  9. — assuming  circular-arc  vanes  of  uniform  thickness,  lay 

out  diffuser  proportions  for  the  radial-engine  supercharger  in  the  preceding 
examples. 

Solution. — Referring  to  Fig,  11-25,  assume  a   free  vortex  space  of 

Rz  —   R'z  =   0.75  in. 

From  Example  7,  <X2  =   9°22'.  From  Eq.  (11-32),  epv  =   63  deg.  and  dotted 
curve  QPM  is- the  free  path  of  the  air  without  guide  v^anes.  Lay  off  line  RN 
normal  to  the  free  path  of  the  air  at  P.  Angle  OPN  —   0:2.  Assume  an 

angle  of  “wrap”  of  the  vane  6^,  —   60  deg.  and  an  outer  radius 

Ri  =   1.6  X   i?3  =   1.6  X   4.5  =   7.2  in. 

Construct  a   perpendicular  bisector  to  a   line  connecting  P   and  S.  The 
intersection  of  this  bisector  with  PN  is  at  N   which  is  the  center  of  arc  PS. 

Arc  PS.,  the  desired  vane  shape,  is  parallel  to  the  entering-  air  at  P   and 
delivers  the  air  to  the  diffuser  collector  ring  along  the  line  ST.  Assume 

15  vanes.  Then  angle  POP*  —   ~   24  deg.,  and  vane  P'S'  is  laid 
off  as  before.  A   larger  number  of  vanes  will  decrease  the  angle  of  divergence 
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but  increase  the  skin  friction;  hence  the  nj>tiniuiii  iiuinix-r  appears  to  a 

matter  of  experiment.  Vane  thickness  may  be  made  a!*tuit  ^   ̂   in.  with  sharp 

entering  edges. 

Ait  leaving  the  diffuser  passages  is  usiiiilly  allowed  to  enter 

a   collector  ring  tangentially  (/.c.,  the  ring  is  slightly  offset 

axially)  where  it  may  be  assumed  to  slow  down  to  initial  velocity, 

T^o-  The  volume  of  the  collector  ring  may  be  detta-mined  by 

considering  it  as  a   circular  torus  wherein  the  parts  are  related  by 

T' cr  =   I   lld^*^.) 

where  Vct  =   volume  of  the  torus  ring. 

—   radius  to  center  of  the  torus  ring  =   +   Rcr- 
Rct  —   radius  of  the  ring. 

The  diameter  of  the  diffuser  collector  ring  (—  2i?rr)  may  be 
made  four  to  six  times  the  axial  width  of  the  diffuser. 

Air  entering  tangentially  into  the  collector  ring  from  the 

diffuser  passageways  will  move  in  a   helical  path  approximately 

along  the  line  ST,  Fig.  11-25.  Hence,  to  minimize  impact  losses 

at  entry  to  the  offtake  pipes  leading  from  the  collector  ring  to  the 

intake  valves,  these  pipes  should  join  the  collector  ring  at  an 

angle  such  that  their  center  lines  at  entry  are  approximately^ 

in  a   direction  corresponding  to  line  ST.  Turns  in  the  offtake 

pipes  should  be  of  large  radius,  and  the  diameter  may  be  made 

such  as  to  maintain  the  velocity  approximately  equal  to  the 

initial  velocity  To.  To  accomplish  this  last,  however,  it  should 

be  borne  in  mind  that  the  offtake  pipes  lead  to  individual  cyl- 

inders which  take  in  their  charge  during  a   part  of  the  cycle  only, 

i.e.,  the  flow  is  intermittent. 

Example  10. — For  the  radial  engine  in  the  preceding  examples,  determine 
a   suitable  diameter  of  connecting  pipe  between  the  diffuser  collector  ring 

and  the  intake-valve  port  if  the  intake  valve  open  time  is  240  deg.  of  crank- 

shaft travel  per  cycle. 

59.5  X   11.1 
Solution. — The  flow  for  the  engine  is  — ^ ^   =   11  e.f.s.;  hence  the 

equivalent  rate  of  flow  to  each  cylinder  is  Hy  =   1.221  e.f.s.,  hut  for  a   four- 

stroke-cycle  engine,  this  amount  of  charge  flows  into  the  cylinder  in 

“‘*'^7  20  =   one-third  of  the  time. 

Therefore  the  equivalent  cont inuous  flow  is  1.221  X   3   =   3.063  e.f.s. 

for  a   mean  velocity  of  150  f.p.s.,  the  offtake  pipc^  diameter  is 
'4  X   3.663 

Then 
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11-9.  Supercharger  Drives. — For  critical  altitudes  up  to 

20,000  ft.  or  a   little  more,  gear-driven  centrifugal  superchargers 

have  been  most  favored.  The  gearing  is  usually  of  the  spur 

type  and  in  two  steps,  although  a   variety  of  possibilities  exist. 

Fig.  11-26. — Principle  of  the  exha\ist  turbine.  (A)  Diagrammatic  arrange- 
ment of  nozale  and  blading.  (jB)  Pressure  and  velocity  variation  in  the  nozzle 

and  blading.  (C)  Velocity  diagram  of  gases  passing  through  the  turbine. 

At  the  speeds  involved,  the  gears  must  be  quite  accurately 

made  and  care  must  be  exercised  to  ensure  precise  balance  and 

freedom  from  critical  vibration. 

At  any  given  speed,  the  problem  of  transmitting  the  necessary 

horsepower  to  the  impeller  is  not  difficult,  but  under  conditions 
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of  rapid  engine  acceleration,  supfMH'liarger  il!’i\’r*-gear  si  res.-es 

may  become  excessively  large,  and  to  avoid  failure,  sii|)  clutelies. 

spriiigvS,  fluid  couplings,  etc.,  are  often  used.  When  a   iHuistant- 

speed  propeller  is  used,  however,  the  prol>leni  of  }:>rutectiiig  the 

supercharger  drive  gearing  against  sudden  acceleration  loads  is 

greatly  reduced.  Impeller  speed  and  horsepower  requirements 

have  been  considered  in  Pars.  11-5  anil  11-0.  Detail  design  of 

the  drive  gearing  is  generally  similar  to  that  iiidicatet.1  fiu  reduc- 

tion gearing  in  Chap.  8. 

For  very  high  altitude  operation,  exhaust-tiirl>ine  supercharger 

drives  have  many  advantages.  The  exhaust  turbine  is  quite 

similar  to  a   single-stage  impulse  steam  turbine  in  so  far  as  the 

general  arrangement  is  concerned.  Thus,  in  Fig.  11-20,  the 

combustion  gases  at  exhaust  presvsure  Pi  and  temperature  T i 

enter  the  nozzle.  At  the  mouth  or  outlet  of  the  nozzle,  the  gases 

have  expanded  to  a   lower  pressure  P2  and  have  increased  in 

velocity  to  In  passing  through  the  turbine  wheel,  the 

velocity  drops  to  Vz  and  some  of  the  kinetic  energy  given  up  is 

utilized  in  producing  a   torque  on  the  turbine  wheel. 

Referring*  to  Fig.  11-26,  for  the  turbine  nozzle,  from  the  basic 
relation  for  adiabatic  flow  of  gases  and  for  an  assumed  negligible 

entering  velocity,  i.e.,  Ti  =   0 

-   Tu)]  (11-34) 

or 

Fo  =   223.8  (11-35) 

where  V2  ==  velocity  of  exhaust  gas  leaving  the  nozzle,  f.p.s. 

Cp  —   specific  heat  at  constant  pressure  for  the  exhaust 

gases,  B.t.u,/(lb.)(deg.  F.). 

Ti  =   temi:)erature  of  gases  in  the  exhaust  manifold,  deg.  F. 

T2  =   temperature  of  exhaust  gases  leaving  the  nozzle. 

But 

Hence 

Fo  =   223.8 
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where  Pi  =   pressure  in  the  exhaust  manifold,  Ib,  per  sq.  in.  abs. 

P2  =   pressure  of  the  gases  leaving  the  nozzle,  lb.  per  sq, 
in.  abs. 

K   =   CJC,. 
Cv  =   specific  heat  at  constant  volume  for  the  exhaust 

gases,  B-t.u./(lb.)(deg.  F.). 

For  maximum  absorption  of  kinetic  energy  by  the  turbine 

blades 

=   Vb  =   ttDN  (11-37) 

where  a.  =   the  angle  between  the  center  line  of  the  nozzle  and  the 

plane  of  the  turbine  blades. 

Vb  —   mean  velocity  of  the  blades,  f.p.s. 

D   =   mean  diameter  of  the  turbine  wheel,  ft, 

N   =   r.p.s.  of  the  turbine  wheel  [=  r.p.s.  of  the  impeller, 

Eq.  (11-18)]. 

The  efficiency  of  the  turbine  blades  may  be  expressed  in  terms 

of  the  kinetic  energy  change,  thus 

Cb 
{WaVl/2g)  -   {WoVl/2g)  _   _   (v£\^ 

WoVl/2g  \yj 
=   1   —   sin^  a 

(11-38) 

where  Wq  =   flow  of  exhaust  gas  through  the  turbine,  lb.  per 

sec, 

F3  =   velocity  of  the  gases  leaving  the  turbine. 

The  theoretical  horsepower  imparted  to  the  turbine  blades  is 

proportional  to  the  change  in  kinetic  energy,  thus 

Wg{VI  -   11)  _   WoVia  -   sin2  «) 

2g  X   550  •   2g  X   550 

WgVI 

X   cb 

(11-39) 

11-10.  Accessories. — Accessories  such  as  carburetors,  fuel 
pumps,  magnetos,  starters,  generators,  tachometers,  and  various 

kinds  of  pressure  and  vacuum  pumps  are  usually  purchased  from 

specialty  manufacturers  and  assembled  on  the  engine.  Hence 

the  engine  designer  is  at  liberty  to  select  rather  than  design  such 

parts.  However,  to  ensure  proper  fitting  and  operation,  he 

should  be  generally  familiar  with  these  accessories,  and  he  must 

have  mounting  pad  and  drive  data. 
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The  design  of  mountings  and  drives  Mould  appear  at  first 
thought  to  be  merely  a   matter  of  routine  layout,  but  ari'essories 

have  become  so  numerous  in  re(*ent  years  tiiat  the  proi>lem  of 
crowding  them  all  into  the  available  space  is  no  hjiiger  a   simple 

one.  In  fact,  in  many  recent  large  installations,  tlie  space 
between  the  rear  end  of  the  crankcase  and  the  fire  wall  has  been 

literally  jammed  with  a   maze  of  fittings,  pipes,  wiring,  etc.,  to 

the  point  w^here  installation,  inspection,  and  maintenance  is 
most  difficult.  A   trend  toward  relieving  this  condition  is 

observable  in  some  very  large  airplanes  where  space  permits  the 

use  of  auxiliary  powder  plants,  but  in  small  and  medium-sized 
planes,  the  main  engine  is  still  required  to  support  and  drive 

practically  all  the  accessories.  Some  parts,  wffiich  might  be 

classed  as  primary  accessories,  are  essential  to  engine  operation, 

and  in  smy  type  of  airplane,  these  should  logically  be  mounted 

close  by,  if  not  actually  on,  the  engine. 

11-11.  Carburetors  and  Fuel  Pumps. — A   purely  rational 

approach  to  the  design  of  a   suitable  size  of  carburetor  for  an 

engine  is  complicated  by  a   large  number  of  variables  such  as  the 

intermittent  character  of  the  flow,  the  Venturi  characteristics, 

and  the  fuel-flow  characteristics  at  various  conditions  of  opera- 

tion. For  a   preliminary  selection,  however,  the  following  two 

formulas  are  recommended  by  the  Bendix-Stromberg  Carburetor 

Company. 

For  one  carburetor  barrel  feeding  three  or  fewer  cylinders, 

^   ̂    133,000'  (11-40) 

and  for  one  carburetor  barrel  feeding  four  or  more  cylinders, 
Fa 

Dc  A   R 

480,000 
4-  A 

(11-41) 

where  Va  =   \"enturi  area,  sq.  in. 
Oc  =   displacement  per  cylinder,  cu.  in. 

He  =   number  of  cylinders, 

Nr  =   engine  speed,  r.p.m. 

^4^^,  =   discharge  nozzle  area,  sq.  in. 

Example.— Select  a   suitable  earburetor  ami  nvouutiti^  flan^i»:e  for  a   4.02 

by  4.5-in.,  nine-cylinder  radial  engine  rated  210  b.hp.  at  2,000  r.p.rii. 
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Solution. — From  Eq.  (11-41),  the  net  Venturi  area  is 

Va  -   Adn 
4.6252  X   0,785  X   4.5  X   9   X   2,000 

480,000 

2.82  sq.  in. 

From  Table  A 1-24,  a   model  Na-R7A  single-barrel  carburetor  having  a 

barrel  diameter  of  2^  Vig  in.  should  be  suitable,  but  for  engines  actually  to 

be  built,  the  carburetor  manufacturer  should  be  consulted  for  confirmation 

of  the  selection.  From  Table  Al-25,  a   No.  7,  2J-^-in.  nominal  diameter, 

single-barrel  S.A.E.  Standard  carburetor  flange  is  indicated. 

Fuel  may  be  supplied  to  the  carburetor  by  gravity  flow  from 

the  fuel  tank  or  by  means  of  a   fuel  pump.  Fuel  pumps  are 

usually  of  the  positive-displacement  vane  type  with  a   by-pass 

relief  valve  which  may  be  set  to  maintain  the  desired  carburetor 

fuel  supply  pressure. 

Fuel  pumps  are  usually  built  to  fit  S.A.E.  Standard  fuel  pump 

mounting  pads  (Table  Al-27),  the  square-type  pad  being  favored. 

Drive  shafts  designed  to  transmit  0.1  to’ 0.5  hp.  (depending  on 
the  size  of  pump)  will  be  adequate. 

Fuel-pump  capacity  should  be  sufficient  to  supply  at  least 

1   lb.  of  fuel  per  b.hp.  per  hour  at  maximum  power  output.  Thus 

for  an  engine  rated  750  b.hp.  at  2,700  r.p.m.  and  using  a   fuel  of 

0.7  specific  gravity,  the  fuel-pump  capacity  should  not  be  less 
than 

750  X   1.0  1 

8.33  X   0.7  = 

To  attain  this  flow,  a   Pesco  R-400. series  pump  (Table  Al-26) 

would  have  to  turn  at  not  less  than  1,600  r.p.m.,  i.e.,  the  ratio 

of  pump  shaft  to  crankshaft  r.p.m.  would  have  to  be  at  least 

1,600/2,700  0.6.  However,  a   somewhat  higher  ratio,  say  the 

normalh^  used  value  of  0.875,  would  merely'  by-pass  more  excess 
fuel  and  allow  for  greater  flexibility,  in  the  control  of  vapor 

lock,  but  Pesco  pump  shaft  speeds  in  excess  of  2,500  r.p.m.  are 
not  recommended. 

11-12.  Magnetos,  Starters,  and  Generators. — Aircraft-engine 

ignition  systems  may  be  either  of  the  magneto  or  battery- 

generator  type;  magneto  ignition  is  by  far  the  most  common. 

Government  requirements  for  engines  over  100  hp.  dictate  the 

use  of  two  separate  ignition  sy^stems.  In  the  case  of  magneto 

ignition,  this  means  two  separate  units,  or  the  equivalent,  i.e.,  a 

double  magneto. 
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Magnetos  ordinarily  have  two,  four,  or  eiglit  poles,  i.r,  they 
are  capable  of  producing  two,  four,  or  eiglit  sparks  per  revolu- 

tion. Thus,  for  a   two-pole  magneto  on  a   live-cylinder,  foiir- 
stroke-cycle  engine,  the  magneto  shaft  should  turn  at  1.25  times 

crankshaft  speed,  and  for  a   four-pole  magneto  on  a   seven- 

cylinder,  four-stroke-cycle  engine,  the  magneto  shaft  should 

turn  at  0.875  times  crankshaft  speed.  Tallies  A1-2S  and  Al-211 

give  magneto  selection  and  mounting-pad  data  suitable  for 

preliminary  design,  but  for  engines  actually  to  be  built,  the 

magneto  manufacturer  should  be  consulted  for  confiLrniation 
of  the  selection. 

The  simplest  method  of  starting  an  aircraft  engine  is  swing- 

ing the  propeller.  This  method,  though  somewhat  dangerous, 

is  feasible  on  small,  low  starting  torque  engines,  but  in  the 

larger  engines,  starters  are  very  desirable  and  in  many  cases 

necessary. 

Starters  may  be  classed  as  hand-turning  gear,  hand  inertia, 

hand  and  electric  inertia,  direct-cranking  electric,  air,  and 

combustion  types.  Each  type  has  advantages  and  disadvantages 

such  as  cost,  convenience,  and  continuous  availability,  and 

selection  should  depend  on  engine  size,  type  of  energy  available, 

type  and  application  of  the  airplane,  etc. 

Fortunately,  however,  S.A.E.  Standard  starter  motor  mount- 

ings are  generally  used  by  starter  maniifactiirers  so  that  con- 

siderable leeway  is  available  to  the  engine  user.  Table  A 1-30 

lists  a   variety  of  available  starters  together  with  data  on  S.A.E. 

mounting-flange  number,  weight,  maximum  engine  horsepower 

that  the  starter  will  handle,  and  voltage  requirements.  Table 

Al-31  gives  data  on  standard  S.A.E.  starter  motor  mountings. 

Engine-driven  generators  are  usually  built  to  fit  standard 

S.A.E.  mounting  pads,  and  a   sizable  range  of  types  and  capacities 

can  be  had  for  a   given  mounting.  Table  Al-32  gives  some 

generator  selection  and  mounting-pad  data. 

11-13.  Tachometers  and  Miscellaneous  Accessories- — To 

facilitate  the  checking  of  operating  conditions,  practically  all 

aircraft  engines  are  arranged  to  permit  the  observation  of  crank- 

shaft r.p.m.  This  involves  a   tachometer-drive  connection  in 

which  the  drive  shaft  generally  turns  at  one-half  crankshaft 

speed,  presumably  because  early  engines  were  of  the  in-line  or 

V   type,  and  a   convenient  point  of  attachment  for  the  tachometer 
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drive  was  the  end  of  the  camshaft.  Table  A 1-33  gives  S.A.E. 

Standard  tachometer-drive  data. 

In  addition  to  the  accessories  more  or  less  commonly  found 

on  all  aircraft  engines,  additional  drives  for  hydraulic  pumps, 

vacuum  pumps,  propeller  governors,  etc.,  frequently  are  needed. 

For  the  most  of  these  miscellaneous  accessories,  the  S.A.E.  has 

endeavored  to  standardize  mounting  pads  and  flanges.  Hence, 

the  designer  confronted  with  the  problem  of  selecting  and 

mounting  these  accessories  usuall^^  will  find  standard  mounting 

data  in  the  S.A.E.  "^Handbook.’"  For  data  on  these  special 
accessories,  the  designer  is  referred  to  the  current  literature  of  the 

accessory  manufacturers. 

11-14.  Accessory-drive  Details. — In  view  of  the  number  of 

accessories  usually  required,  some  ingenuity  on  the  part  of  the 

designer  is  necessary  to  obtain  a   simple  and  effective  arrange- 

ment. Power  for  driving  must  come  either  directly  or  indirectly 

from  the  crankshaft,  and  to  keep  the  arrangement  as  simple  as 

possible,  a   main  accessory  shaft  usually  is  splined  to  the  rear 

end  of  the  crankshaft.  Drive  shafts  for  each  accessory  are  then 

geared  for  desired  speed  ratios  to  the  main  accessory  shaft. 

Such  drives  can  be  very  skillfully  arranged  or  badly  cluttered, 

depending  upon  the  ingenuity  of  the  designer.  For  the  student, 

a   probable  best  approach  is  to  studj^  the  arrangements  used  in 

current  successful  engines  even  to  the  extent  of  sketching  such 

arrangements  as  most  nearly  conform  to  the  needs  for  his  engine. 

This  will  enable  him  to  visualize  the  problem  more  clearly  and 

to  draw  on  previous  experience. 

Suggested  Design  Procedure 

1.  Select  materials  and  sketch  in  the  main  crankcase  section  on  the 

assembly  drawings  or  on  superimposed  tracing  paper.  Check  the  arrange- 

ment for  weak  points  such  as  fabrication  difficulties,  sharp  reentrant  corners 

in  highb^  stressed  parts,  unnecessarily  indirect  stress  paths,  interference  of 

parts,  assembly  difficulties,  etc. 

2.  Make  detail  drawings  of  each  part  of  the  crankcase. 

3.  Design  and  make  detail  drawings  of  the  oil  pump  and  connecting 

parts. 

4.  If  a   supercharger  is  to  be  built  into  the  engine,  sketch  a   general  layout 

of  the  proposed  arrangement. 

5.  If  a   supercharger  is  to  be  used,  determine  speed  and  power  require- 
ments. 
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6.  If  a   supercharger  is  to  be  used,  detenniiie  detail  diiiieiisio'ns  for  the 

impeller,  and  make  detail  drawings. 

7.  If  a   supercharger  is  to  be  used,  deteniiine  detail  diiiiensioiis  for  the 

diffuser  and  make  detail  drawings. 

8.  If  a   supercharger  is  to  be  used,  determine  detail  diineiisions  of  the 

drive  gearing  and  make  detail  drawings. 

9.  List  all  accessories  that  are  to  be  included  or  provuled  fi>r,  an<i  make 

sketches  approximately  to  scale  showing  the  proposed  arraiigernent  for 

attaching  and  operating.  Study  of  arrangements  used  in  current  successful 

engines  will  be  very  helpful  in  planning  the  act^essory  grouping.  “   Mock- 

ups”  may  even  be  necessary  as  aids  to  visualizing  the  desired  arrangement. 
10.  With  the  accessory  grouping  planned  to  ensure  proper  aiid  effective 

functioning  of  each  unit,  determine  necessary  detail  dimensions,  and  make 

detail  drawings  of  drives,  mounting  pads,  etc.,  properly  arranged  in  relation 

to  adjacent  parts. 

11.  Lay  out  the  accessory  section  of  the  crankcase,  and  cdieck  for  rigidity, 

ease  of  fabrication,  assembly  difficulties,  structural  weaknesses,  et<‘. 

12.  Make  detail  drawings  of  the  accessory  section  of  the  crankcase. 

13.  Design  and  make  detail  drawings  of  all  remaining  miscellaneous  parts. 

14.  Transfer  all  remaining  detail  parts  to  complete  the  assembly  drawings 

of  the  engine. 

15.  When  items  1   to  14  have  been  completed  and  put  in  proper  form, 

submit  for  checking  and  approval. 

Problems 

1.  A   5f"i6-  by  5?  16-in.,  14-cylinder,  6.75-compression-ratio  engine  is 

rated  750  b.hp.  at  2,550  r.p.m.  at  9,500  ft.  altitude  (Patm  ==  20.9S  in.  Hg  abs., 

iatm  ~   25.1°F.).  The  fuel  rate  is  0.58  lb.  per  b.hp.  hr.,  and  the  air -.fuel 

ratio  is  12.3:  1   by  weight.  Assuming  an  over-all  adiabatic  efficiency  of 

65  per  cent,  estimate  the  horsepower  required  to  drive  the  supercharger. 

2.  For  the  engine  in  Problem  1,  the  impeller-crankshaft  speed  ratio  is 

11:1.  Determine  the  impeller  diameter,  tip  speed,  and  r.p.m. 

3.  For  the  engine  in  Problems  1   and  2,  determine  the  inlet  diameter  of 

the  impeller  if  the  angle  of  approach  is  10  deg.,  the  impeller-hub  diameter  is 

1.5  in.,  there  are  16  impeller  blades  having  an  entering  edge  thickness  of 

0.05  in.,  and  the  mean  velocity  in  the  inlet  pipe  is  150  f.p.s. 

4-  For  the  engine  in  the  preceding  three  problems,  assume  F   ==  1.2  in. 

(see  Fig.  11-22),  and  determine  the  hub  length  and  ciir\’ature. 
5.  For  the  engine  in  the  preceding  four  problems,  determine  the  width 

of  the  impeller  blades  for  a   constant  area  of  passage. 

6.  Determine  the  effect  of  change  in  speeitic  volume  of  the  tdiarge  on  the 

tip  width  7/2  of  the  impeller  in  Problem  5. 

7.  For  the  supercharger  in  the  preceding  jirohlems,  determine  the  ai>so- 

lute  velocity  and  the  approximate  mean  path  that  the  air  would  follow  in 

the  diffuser  if  it  was  not  restri(*ted  by  guide  vanes. 

8.  Assuming  the  radial  engine  supercharger  in  the  preetMling  problems 

is  to  be  adapted  to  a   V-engine  of  equivalent  size  and  perfornuince.  dctt^rmine 
the  diameter  of  the  outlet  from  the  diffuser. 
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9.  Assuming  circular-are  vanes  of  uniform  thickness,  determine  and  lay 

out  diffuser  proportions  for  the  radial-engine  supercharger  in  the  preceding 

problems. 
10.  For  the  radial-engine  supercharger  in  the  preceding  problems,  deter- 

mine suitable  dimensions  for  the  diffuser  collector  ring. 

11.  For  the  radial  engine  in  the  preceding  problems,  determine  a   suitable 

diameter  of  connecting  pipe  between  the  diffuser-collector  ring  and  the 

intake- valve  port  if  the  intake-valve  open  time  is  250  deg.  of*  crankshaft 
travel  per  cycle, 

12-  To  increase  the  rated  altitude  of  the  engine  in  Problem  1   to  26,000 

ft,  (Patm  =   11-1  in.  Hg  abs.,  ̂ atm  =   — 30.15®F.),  it  is  planned  to  use  an 
exhaust-turbine  supercharger  ahead  of  the  gear-driven  supercharger. 

Exhaust  manifold  temperature  =   1340°F., 

exhaust  manifold  pressure  =   30  in.  Hg  abs., 

turbine-wheel  mean  diameter  =   9   in., 

angle  of  nozzle  to  plane  of  blades  =   20  deg., 

specific  heats  of  exhaust  gas,  Cp  —   0.24,  C®  =   0.17.  Adiabatic  temperature 

efficiency  of  the  air  impeller  driven  by  the  turbine  —   70  per  cent. 

а.  Find  the  turbine  speed  in  r.p.m. 

б,  Find  the  diameter  of  the  air  impeller  necessary  to  compress  the  air 

from  25,000  ft.  to  the  equivalent  of  9,500  ft. 

c.  Find  the  fluid  horsepower  necessary  for  the  air  impeller. 

d.  What  proportion  of  the  exhaust  gases  must  pass  through  the  turbine 

if  the  over-all  turbine  efficiency  is  50  per  cent? 
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SYaiBOLS  ANi>  Abbreviations  For  Table  A 1-2 

General 

* — Based  on  maximum  horse- 

power. 

(c) — 2   X   6.30  (two  cycle). 

HO — Heavy  oiL 

Opt — Optional. 
SL — Sea  level. 

Cylinder  Arrangement 

Hor — Horizontal. 

H4 — Four  banks  of  four  cylin- 
ders each  in  H   formation. 

H6 — Four  banks  of  six  cylin- 
ders each  in  H   formation. 

I — In  line. 

Had — Radial. 

V— V. 

V6C) — V   type,  60  deg. 

V60-I — V   type,  60  deg.,  in- 
verted. 

Y90 — type,  90  deg. 

W — Three  banks  of  cylinders. 

WI — Three  banks  of  cylinders 
— inverted. 

Cooling 

Liq — Liquid. 

Cylinder  Material 

1 

—
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l
u
m
i
n
u
m
 
 

with  cast-iron 

liner. 
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—
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l
u
m
i
n
u
m
 
 

with  steel  liner. 

3
 

—
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t
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r
o
n
.
 

7 

—

 

 

Steel  with  aluminum  
heads. 

8
 

—

 

 

S
t
e
e
l
.
 

1 0 — C ast-iron  with  steel 

sleeves. 

Valve  Arrangement 

F — F-head. 

I — In  head  with  push  rods  and 

rocker  arms. 

OH — Overhead  camshaft. 

L — head^ — valve  at  side. 

Propeller  Drive 

D — Direct. 

G — Geared. 

Carburetor  Make 

Ama — Amal. 

Bro — Bronzania. 

Cla — Claudel-Hobson. 

Pal — Pallas. 

Str — Stromberg. 

Zen — Zenith. 

Ignition  and  Starting  Systems, 

Make 

Bos — Bosch. 

BW — British  Thompson  Hous- 
ton or  Watford. 

BTH — B   ritish  Thompson 

Houston. 

Due — Ducellier. 

DGr — Druckluft  &   Gluhkerzen. 
Mar — Marell. 

RB — Robert  Bosch. 

Rot — Rotax. 

Scin — Scintilla. 

Starting  Method 

CA — Compressed  air. 
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Car — Cartridge. 

EM — Electric  motor. 

GO — Gas  distributor  and  hand- 

turning gear. 

HA — Hand  crank. 

HC — Hand  crank  from  ma- 

chine. 

HE — Hand  crank,  or  electric 
motor. 

In— Inertia. 

PS — Propeller  swdng. 

Current  Sources 

Bat^ — Battery. 

e — One  magneto  and  one  bat- tery. 

Mag — jM  agneto . 

M   B — ^vlagneto  and  battery. 
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Table  A 1-4* — Rotating  and  Re  ci  pro  gating  Weights  in 
Aircraft  Engines 

(From  Angle,  '‘Engine  Eynamics  and  Crankshaft  Design,”  and 
S.A.E.  Jour.j  Vol.  29,  Nos.  4   and  5,  October,  November,  1931) 

Engine Type .s 

oT 

o 

-pq 

St
ro
ke
, 
 

in
. 

Pi
st
on
  ar

ea
, 
 

sq
. 
 in
. 

Cy
li
nd
er
  

di
sp
la
ce
me
nt
, 

eu
. 
 

in
. 

Re
ci
pr
oc
at
in
g 
 

we
ig
ht
  

pe
r 

cy
li
nd
er
, 
 

lb
. 

Ce
nt
ri
fu
ga
l 
 

we
ig
ht
  

pe
r 

cy
li
nd
er
  

lb
. 

Re
ci
pr
oc
at
in
g 
 

we
ig
ht
  

pe
r 

sq
. 
 in
. 
 

pi
st
on
  

ar
ea
 

To
ta
l 
 

re
ci
pr
oc
at
in
g 
 

an
d 

ce
nt
ri
fu
ga
l 
 

we
ig
ht
  

pe
r 

cu
. 
 in
. 
 

di
sp
la
ce
me
nt
 

Iliiberty-6   6-cyl.  vertical 5.00 7.00 19.63 137.4 5.80 3.70 
0.295 

0.069 

E,ausie-E-6   6-cyL  vertical 5.00 6.00 19.63 117.8 5.99 3.73 0.305 0.074 

Hall-Seott,  L-G   6-cyl,  vertical 5.00 7-00 19.63 137.4 5.95 3. 13 
0.303 

0.066 

Isotta-Fraschini   6-eyl.  vertical 5.51 7-08 23.86 169.0 7.20 
3.80 0.302 0.065 

Benz!-200   6-cyl.  vertical 5.51 7.48 23.86 178.4 6.40 4.40 0.268 0.061 

B,bp.-200   6-cyl.  vertical 5-71 7.48 25.62 

191-3' 

6.50 3.80 

0.254' 

0.054 

Mercedes-200   6-cyl.  vertical 5.51 6.30 
23.86 

150.3 9.40 3.30 

0.395 

0.085 

Aeromarine,  U-S   
8-cyl.  V 4.5C 6.50 14. 18 32.2 

3.60 
2.60 0.266 

0.067 

Wright-E   S-cyl.  V 4.72 5.11 
17,53 89-9 4.60 

2.30 
0.262 

0.077 

Wright-H   
8-cyl.  V 5.51 5.90 

23.82 140.8 7.20 
3.10 0.302 

0.073 

Packard-744   8-cyl.  V 4.75 
5.25 17.72 93.0 5.00 

2.35 0.282 
0.079 

Curtiss-Kl2   12-cyl,  V 4 . 50 6.00 
15.92 

95.4 
3.35 1.70 0.210 

0.053 

Ijiberty-12   12-cyl.  V 5.00 7.00 
19.63 

137.4 6.20 
3.15 0.315 0.068 

Rolls-Royce  “Eagle”.  . 
12-cyl.  V 4.50 6.50 15.90 103.4 3.75 1.92 0.236 

0.055 

Packard-1237   12-cyl.  V 
5.00 

5.25 
19.63 103.1 5.83 

2.56 

0.297 O.OSl 

Packard-2025   12-cyl.  V 5.75 6.50 26.00 
168.8 

8.06 
4.01 0.310 

0.072 

Duesenberg-H   1 6-eyl.  V 6.00 
7.50 28.27 

212.1 6.29 3.47 0.219 0.046 

Napier-"  Lion  ”   
12-cyl.  W 5.50 

5.125 
23.76 121.7 5.50 2.13 

0.321 0.063 

Eng.  Div.  W-l-A   18-oyl.  W 
5.50 6.50 23.76 154.4 

7.40 

3.74 0.312 0.072 
Lawrence-L   3-cyl.  radial 4.25 5.25 

14.20 74.5 3.05 
1.50 

0.215 0.061 

A.B.C.  “Wasp”   
7-cyl.  radial 4.53 5.91 16.12 

95.2 

2.30 

1.41  1 

0.143 
0.039 

Lawrence  R-1   9-cyl.  radial 
4.25 5-25 

14.18 74.6 
3.05 

2.83 
0.215 0.079 

ABC  “   Dragon  Fly  ”   .   .   . 9-cyl.  radial 5.50 6.50 23.76 154.4 4.20 

2.69  ' 

0.177 
0.044 

Curtiss  V-1570   12-cyl.  V 5.125 6.25 20.6 129 

4.  11  * 

2.68 

0.200 
0.053 

(Conqueror)   

3 . 9t 

2. 68 0. 189 
0 . 051 

Wright  R   1750   9-cyl.  radial 6.00 6.875 28.25 
169.8 

7.45* 

2.80 
0.264 0.061 

(Cyclone)   

6. 74t 
2.80 

0.237 
0.057 

*   Master  cylinder, 

t   Articulated  cylinder. 
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Table  Al-7.  Eelatwe  Crankpin-bearixg  Loads  with  Various 
Arrangements  of  6-  by  6.S75-in.  Cy-linders 

(From Jour.,  Vol.  29,  No.  5,  November,  1931) 

Cylinders 

per 
crankpin 

Arrangement Dis- 

plaee- 

naent, 

cu.  in. 

Weight  per 

crankpin 

Bearing 

load,  lb. 

Force  per 

cu.  in.  of 

piston  dis- placement, 
Ib. 

Max.;  Mean 
Re- 

quired 

bearing 

area based 

on  mean 

load,  ‘-'"c, 

Rotat- 

ing, 

lb. Recip- 

rocat- ing, lb. 

IVIax. Alean 

1 195 6.00 6.82 7,880 

3 , 740 
40.41  19.2 lOO 

2 60-  or  45-deg.  V 390 8.00 13.64 
8,140 5 , 730 20.9 14.7 153 

3 40-deg.  W 585 10.00 20.46 10,100 
6,790 17.3 

11.6 
181 

3 60-deg.  VV 585 10.00 20.46 13,050 

8,020 

22.3 
13.7 214 

3 80-deg.  W 585 
10.00 20.46 

1   9,960 7.030 17.0 13.0 204 
3 Radial 

585 

j   10.00 

20.46 10,230 
6,8601 17.5 11.7 183 

5 Radial 
975 

!   14.00 

34.10 11,880 

S,920| 

12.2 9.2 

238 

7 Radial 1365 18.00 
47.74 13,740 11,520 

10. 1 
8.5 308 

9 Radial 1755 22.00 61.38 16,320 
14,080 

9.3 
8.0 

376 

Table  Al-8.— Field  of  Usefulness  for  Various  Bearing  Metals 

(From  S.A.E.  Jour.,  Vol.  45,  No.  6,  December,  1939) 

Description  of  bearing  metal 

Max.  per- 
missible 

unit 
pressure, 

lb.  per  sq.  in. 

Min.  per- 
missible Zn/P  max 

Maximum P   max 

Oil 

reservoir 

temper- 
ature, 

deg.  F. 

.Minimum 

crankshaft 
hardness 

Affected  by 

corrosion 

Tin-base  babbitt; 

Copper     3.50% 

Antimony     7.50% 
Tin     S9.O0 

Lead  (max.)     0.25% 

1,000 

20 

Standa 

35 ,000 

rd  quality  b 

235 

carings 
Not  im- 

portant 

No 

Tin-base  babbitt: 

Same  composition  as  above 1,500 

15 

-Ylpha  pr< 

42,500 

3cess  qualitj 

235 

bearings 

[ 

Not  im- 

portant 

No 

Higb-lead  babbitt: 

Tin     5-7% 

Antirqpny     9-11% 
Lead     S2-S6% 

Copper  (max.) ....  0 . 25% 

1,800 

10 

40,000 225 
i 

Not  i m- 

portiint 
No 

Cadmium-siiver: 

Silver     0.76% 

Copper     0.50% 

Cadmium     98.75% 

Over  1,800 

and  up  to 

3,850 

3.75 90,000  and 

upwards 

260 250  Brintdl 
Not  likely  if  tem- 

perature is  main- tairied  as  speci- 
fied and  proper 

lubricating  oil  is 

used Copper-lead: 
Copper     60% 

Lead     40% 

Over  1,800 
3.75 

90,000  and 

upwards 

260 

i 
i 

300  Brinell 
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Table  Al-9. — Principal  Dimensions  (in  Inches)  of  Six  Different 

Aircraft-engine  Crankshafts 

(From  S.A.E.  Jour.j  VoL  28,  No.  4,  April,  1931) 

Rear  Front  Thrust 
main  main  bearing 
bearing  bearing 

Dimen- 

Crankshaft  number 

sion 1 2 3 4 5 6 

A 3.3125 4.125 
3.5 

3.75 4.125 4.25 

B 3.3125 4.125 3.5 3.75 
4.125 

4.25 

C 6 3 5.5 5.75 7.75 5.75 

D 2.5625 3 2.875 2.875 3.25 3.875 

E 1.375 1 . 9375 1 . 625 1.625 
1.75 

3.125 

F 2 2.25 2.5 2.5 
2.75 3.25 

G 1 1 . 4375 0.75 0.75 1 2 . 5625 

H 2.75 3.25  . 3.125 3.125  . 3.125 3 . 5625 

J 3.75 3.75 3.375 3.75 4.25 3.9375 

K 1.3125 1 . 4375 1.1875 1.3125 1.375 1 . 6875 

L 1.3125 

•1.125 

1.25 1 . 375 1.25 1.3125 
2.625 

2.375 

3.5  ? 
3.125  ) 

3.75 3.75 3.875 

j   4.75 

(   4.125 
T 2.75 2.75 2.4375 2.875 

3.1875 3 . 4375 

1.  Front. 
2.  Rear. 
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Table  Al-10. — Haeial-engii^e  Beariistg  Reactioxs  for  M.vxi.ncltm 
Radial  Gas  Load  ox  Graxkpix  (1)  at  Rated  Power  axd 

(2)  AT  Rated  Power  Combixe6  with  Ixertia  Road  at 

Rated  Speed  (Average  Values  Only) 

(From  S.A.E.  Jour.,  VoL  2S,  No.  4,  April,  1931) 

Crank-pin foad 

Rj  R2 

Crank- 
Crank- 

pin 

load, 

lb. 

Rz 

Rz 

shaft 

number lb. 
% lb. % 

lb. 
% 

1 
8,440 3,380 40 6,000 

71 

930 11 

2 10,400 
3,740 

36 
9,  100 

87 . 5 

2,440 

23.5 

3 11,200 
4,260 

38 

8,680 
77.5 

1 ,740 

15.5 

4 13,800 
5,240 

38 
la,  800 

78 
2,200 16 

5 15,650 6,260 
40 11,100 

71 
1,720 11 

6 15,000 
5,920 

39.5 11,600 
77 

2,480  I 

16.5 

Averasre  ('I'l     38.6 77 j 15.6 

Variation,  %   of 

\   +51 

mean  value 

Averacre  f'2')   1)  —6.7 
40.6 

)   —   7.S 
72.6 

)   —29 

12.9 
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Table  Al-11. — Characteristics  and  Dimensions  of  Curtiss  V-1570 

Conqueror  Engine 

(From  S,A,E.  Jour.,  V6l.  29,  No.  4,  October,  1931) 

Number  of  cylinders     12 

Arrangement  of  cylinders     Two  banks  at  60-deg.  V 

Method  of  numbering  cylinders     6,  5,  4,  3,  2,  1 — Right 

Propeller  end     6,  5,  4,  3,  2,  1 — ^Left 
Firing  order,  crankshaft  rotation  clockwise  facing  rear  of 

Rore,  in     5.125 

Stroke  of  master-rod  e^dinder  (2R),  in     6.250 

Stroke  of  articulated-rod  cylinder,  in     6 . 430 

Piston  area,  sq.  in     20.63 

Total  piston  displacement,  cu.  in     1 , 569 . 5 

Brake  horsepower         630 

Speed,  r.p.m     2,400 

Compression-ratio,  average         5.80:1 
Mechanical  efficiency,  %     89.4 

Brake  mean  effective  pressure,  lb.  per  sq.  in     132.4 

Indicated  mean  effective  pressure,  lb.  per  sq.  in.  ...        148. 1 

Master  connecting-rod  length,  center  to  center  (L),  in     10.0 
Master  connecting  rod  to  crank  ratio  {L/R),  in     3.20 

Articulated-rod  length,  in   :     7.594 

Link-pin  radius  (i2i),  in     2.406 

Angle  between  link-pin  radius  and  master-rod  center  line  («i), 

deg.  min     66—30 
Master  rods  are  assembled  in  the  left  cylinder  bank 

Valve  timing: 

Inlet  valve  opens,  deg.  before  top  dead  center     5 

Inlet  valve  closes,  deg.  after  bottom  dead  center     55 

Exhaust  valve  opens,  deg.  before  bottom  dead  center     60 

Exhaust  valve  closes,  deg.  before  top  dead  center     0 

Valver-tappet  clearance,  intake  and  exhaust,  in     0.014—0.016 
Magneto  timing: 

Left  magneto  advance,  deg     33 

Right  magneto  advance,  deg     38 

Reciprocating  and  rotating  weights : 

Reciprocating  weight  per  cylinder  of  master  rod,  lb     4.11 

Piston,  complete  with  rings  and  pin,  Ib     2.97 

LTpper  end  of  master  connecting  rod,  lb     1.14 

Reciprocating  weight  per  cylinder  of  articulated  rod,  lb     3.90 

Upper  end  of  articulated  connecting  rod,  lb     0.93 

Rotating  weight  of  crankpin,  lb     5.36 

Lower  end  of  master  connecting  rod,  lb     4.53 

Lower  end  of  articulated  connecting  rod,  lb     0.83 
Crankpin  bearing: 

Diameter,  in     2.500 

Length,  total,  in     1.500 
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Tabi.e  Al-11. — Chabacteristics  axd  Diaiexsioxs  of  Curtiss  V-1570 
Conqueror  Kngixe. — {Contiriuf  d   \ 

Length,  effective,  in     1.391 

Effective  projected  bearing  area,  minus  oil  groove,  sq.  in     3.2S 

Crankshaft  end  and  intermediate  bearings: 

Eiameter,  in     3 . 5Q0 

Length,  total,  in     1 . 500 

Length,  effective,  in       1.344 

Effective  projected  bearing  area,  sq.  in     4,52 
Crankshaft  center  bearing: 

Eiameter,  in     3.500 

Length,  total,  in     1 . 750 

Length,  effective,  in     1.594 

Effective  projected  bearing  area,  sq.  in     5.39 
Crankshaft : 

Eiameter  of  journal,  in     3.500 

Bore  through  journal,  in     2.750 

Diameter  of  crankpin,  in     2 . 500 

Length  of  crankpin,  in     1 . 920 

Bore  through  crankpin,  in     1 . 250 

Crankpin  fillets,  in     0 . 250 

Journal  fillets;  in         O.  1S7 

Width  of  crank  cheek  at  top  of  journal,  in     3.790 

Thickness  of  crank  cheek,  in     0 . 9S7 

Distance  between  end  and  intermediate  crankpin  centers,  in  .   5 . 750 

Distance  between  center  crankpin  centers,  in     6 . 000 

Table  Al-12. — Engine  Characteristics  and  Di.mexsioxs  of 

Wright  R-1750  Cyclone  Ex^gixe 
(From  S.A.E.  Jour.,  Vol.  29,  No.  4,  October,  1931) 

Number  of  cylinders     9 

Arrangement  of  cylinders     Radial 

Numbering  of  cylinders     1—9  consecutively,  clockwise  facing  rear 

of  engine,  No.  1   A^ertical  and  on  top 
Firing  order     1,  3,  5,  7,  9,  2,  4,  6,  S 
Crankshaft  rotation     Clockwise  facing  rear  of  engine 

Bore,  ill     6 , 000 

Stroke  of  master-rod  cylinder  (2^2),  in     6.S75 

Piston  area  {Ap),  sq.  in     2S  .   27 

Total  piston  displacement,  cu.  in     1,750 

Brake  horsepower     525 

Speed,  r.p.m     1 ,900 

Compression  ratio     3.0:1 

Mechanical  efficiency,  assumed,  %     90 

Brake  mean  effective  pressure,  lb.  per  sq.  in     125.0 

Indicated  mean  effective  pressure,  lb.  per  .sq.  in     139,0 

Master  connecting-rod  length,  center  to  eenter  (L),  in     13.750 

Master  connecting-rod  to  crank  ratio  iD/R)     4,000 

Articulated  or  link-rod  length,  in     11.046 

Master  rod  is  assembled  in  cylinder  7 
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T^vble  Al-12.— Engine  Characteristics  ani>  Dimensions  op 

Wright  R-1750  Cyclone  Engine. —   {Continued') 
Valve  timing: 

Inlet  valve  opens,  deg.  before  top  dead  center     25 

Inlet  valve  closes,  deg.  after  bottom  dead  center     60 

Exhaust  valve  opens,  deg.  before  bottom  dead  center     80 

Exhaust  valve  closes,  deg.  after  top  dead  center     25 

Valve  tappet  clearance,  in     0 . 050 

Spark  advance,  deg.  before  top  dead  center     30 

Supercharger : 

Type     Geared  centrifugal 

Impeller  speed         8   times  crankshaft 

Reciprocating  and  rotating  weights: 

Reciprocating  weight  per  cylinder  of  master  rod,  lb     7.45 

Piston,  complete  with  rings  and  pin,  lb     5 . 34 

Upper  end  of  master  connecting  rod,  lb     2.11 

Reciprocating  weight  per  cylinder  of  link  rod,  lb     6 . 74 

Upper  end  of  link  connecting  rod,  lb     1.40. 

Rotating  weight  at  crankpin  (We),  lb     25.22 

Lower  end  of  master  connecting  rod,  lb     15.62 

Lower  end  of  link  connecting  rod,  lb     1.20 

Crankpin-b earing  dimensions: 
Diameter,  in     3.250 

Length,  total,  in     3.906 

Length,  effective,  in     3 . 562 

Effective  projected  bearing  area,  sq.  in     11.58 

Front  main  bearing: 

Construction     Steel  sheet  lined  with  high-load  bronze 

Diameter,  in     4 . 375 

Effective  length,  in     1.687 

Effective  projected  bearing  area,  sq.  in       7.38 

Rear  main  bearing: 

Type     Commercial  Hoffman  R-190-LL  or  SKF  light  series  roller 

bearing  No.  8216-C 

Inner  diameter,  in     3 . 5433 
Mm       90 

Outside  diameter,  in     62 , 992 

Mm         160 

Width,  in   -.     1 .   181 

Mm     30 

Front  thrust  bearing: 

Type     Commercial  Standard  S.A.E,  light  series  ball  bearing  No.  218 

Inner  diameter,  in     3.3433 

Mm     90 

Outside  diameter,  in       .   6.2992 

Mm     160 

Width,  in       1.181 

Mm     30 
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Table  Al-13. — Relation  of  Creising  to  Take-ofe  ECorsepower 
AND  R-P-M.  FOR  Eleven  American  Aircraft  Engines 

Cruising 

hp. 
Take- 

off • 

liP- 

Cruis- 

ing 

r.p.m. 

Take- off 

r.p.m. 

Cruising  hp.  ̂  

Take-off  hp.  ̂  

.Cruising  r.p.m.  ^ 

Take-off  r.p.m. 

30 40 
2,300 2,575 

75 

89.5 

175 225 
2,000 

2,  175 

78 

92 

190 250 
2,000 2,200 

76 

91 
160 200 

1,750 2,000 

80  i 
87,5 

200 252 
1,900 2,050 

79.5 92.8 

100 1,650 1,810 

75 

91 
94 125 

1,725 1,925 I   75 
89.5 

120 160 
1,775 1,975 

75 90 
120 

1   160
 

1,650 1,850 

75 
89 

160 210 
1,700 1,900 76 

89.5 

110 160 
2,050 2,260 

69 90.5 

Table  Al-14. — Aircraft-engine  Piston  Data 

(See  page  396  for  values) 

N   oinen.clatu.re 

— -Diameter. 

— Length  (not  including  crown). 
— Crown  or  cup. 

— Thickness  of  bottom  flange. 
— Distance  from  bottom  of  skirt  to 

bottom  of  lowest  groove, 

— Width  of  top  land. 

(etc.)   Width  and.  depth  of  lower  ring 

grooves  (Gi — -upper). 
— Groove  containing  holes  for  lubricant, 

— Diameter  of  wrist-pin  hole. 

— Length  of  wrist-pin  hole. 
— Height  of  bottom  flange. 
— Thickness  of  boss,  bottom. 
— Thickness  of  boss,  top. 

M — Thickness  of  skirt  above  bottom  flange. 
N — Thickness  of  wall  at  upper  ring 

grooves. O — Thickness  of  head  (to  bottom  of  ribs 
on  ribbed  pistons). 

P — Spacing  of  ribs. 
Q — Depth  of  ribs. 
R   Width  of  lands  between  grooves. 
S   Wall  tliickness  under  boss. 
T   Beveled  60  deg.  to  crown  (about  in. wide) . 

U — Type  of  lubrication  holes. 
V — Full  floating  piston  pin. 
IF   Web  sui>purt  for  pin  bosses. 

A'   Number  of  rings  per  groove. 
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Table  Al-15. — Aircraft-engine  Piston-pin  and 
Piston-ring  Data 

Item 

Piston-pin  numbers* 

2 

.4- 

5 7 

A 6.1 
5.9 

B 5.5 5.5 4.25 4.1 

C 0.18 
0. 12 

D 
1 . 5 1.5 

1.25 
1.2 

E  
 ‘ 

1.1 
1.23 

0.S2 0.95 

F 1.12 
1.25 

0.S2 
1.0 

G 1 . 1 1.1 i 
0.7 

H 0.9 0.95 
i 

•   J 
0-87 

1.0 
1 

*   Piston-pin  numbers  correspond  to  piston  numbers  in  Table  Al-14. 

All  dimensions  are  in  indies. 

Piston-ring  numbers'^ 

2 3 3 4 4 5 7 7 9 

10 

A   6 
25 

6 .25 6 
.3 

6 
.15 

6 .   15 5 12 4 62 4 7 5 

-IS 

4 

125 

B   0 125 0 
10 

0 .10 0 .10 0 .10 0 
.25 

0 
125 

0 
.12 

0 

.25 0. 

29 

C       0 
18 

0 .20 0 .20 0 
.18 0 .   IS 0 

.18 
0 

15 

0 
.15 

0 

15 0. 

13 

D   0 
60 

0 .70 
0 
.75 

0 
56 

0 .   65 0 

45 

0 

45 

0 

.68 

0 .   65 0 36 

Section   b b e h € d h c a a 

Function  f   c c c s c s c c 

Weight,  oz   1 
.7 

1 
.4 

1 

.4 

1 
.3 

1 

.2 
2 .6 

1 . 

0 0 

.8 
2 

.4 

2 . 

0 

*   Piston-ring  numbers  correspond  to  piston  numbers  in  Table  .\1-14. 

f   c   =   compression  ring,  s   =   scraper  or  oil  ring. 
All  dimensions  are  in  inches. 

Dimensions  A   and  I>  are  for  ring  free. 
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Tables  A1-16A. — Piston-risstg  aitb  Groove  Widths 

(From  S.A.E.  '‘Haiidbook'9 

Nom. ring 

width 

All  ring  widths,  in. Ring-groove  widths,  in. 

All 

diam. 
max. 

Under 

6   in. 
diam. 

6—8  in- 

diam. 

Oil-ring 

grooves 

Top  compression  ring 
grooves  only 

2— 41  Me  in. 

diam. 
4M— 8   in. diam. 

2— 4^ Me  in. 

diam. 
4M-8  in. diam. 

Min. 
Min. Max. 

Min. 
Max. Min. Max. Min. Max. Min. 

0.0935 0 . 0930 0.0925 0 . 0955 0.0945 0.0960 0 . 0950 0.0960 0 . 0950 0.0965 0 . 0955 

0 . 1240 0 . 1235 0.1230 0 . 1260 0.1250 0.1265 0.1255 
0.1265 0 . 1255 0 . 1270 0 . 1260 

0. 1550 0. 1545 0.1540 0. 1570 
0,1560 0. 1575 0.1565 

0. 1575 0.1565 
0. 1580 0.1570 

0. 1865 0. 1855 0.1855 0. 1885 0.1875 
0. 1890 0 . 1880 

0. 1890 
0 . 1880 0.1895 0 . 1885 

H 0 . 2490 0 . 2485 0.2480 0.2510 0.2500 0.2515 
. 

0.2505 0.2515 0.2505 0 . 2520 0.2510 

The  piston-ring  grooves  provide  for  a   minimum  side  clearance' of  0.001  in. 
for  cylinders  under  4^  in.  diameter  and  0.0015  in.  for  cylinders  of  4^  to 

8   in.  diameter.  The  greater  clearance  for  the  top  compression  ring  is 

recommended  only  in  order  to  give  improved  ring  performance. 

Table  A1-16B. — Ring  Widths  eor  Cvlin-der  Diameters 

Cylinder 
diameter,  in. 

Ring  width,  in. 

Compres- 
sion rings 

I  
 

Oil  ring
s 

2   -4K6 H 
3^8 M2 

Ms 

^3  2 M2 Ms H 
5m~6H6  : 

Ms 
.   .   . Ms K 

6^-8 
H H 

Note:  Oil-ring  widths  or  combinations  of  widths  shall  be  selected  from  the  widths  speci- 

fied between  the  diameters  listed. 

The  accompanying  specifications  for  piston  rings  and  grooves  have  in 

general  been  used  for  some  time  and  have  been  adopted  as  a   standard 

primarily  for  the  types  of  internal-combustion  engines  commonly  used  in 

automobiles,  motorboats,  etc.  For  pistons  used  in  aircraft  engines  and 

engines  not  of  the  conventional  automobile  type,  it  may  be  necessary  to 

deviate  from  the  rings  and  grooves  recommended  in  order  to  secure  most 

satisfactory  performance,  but  such  modifications  should  not  be  made  by 

changing  the  piston-ring  width  or  radial  thickness. 
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Table  A1-16C. — Piston-rhstg  Rabial  Wall  Thickness  a:n^i> 
Groove  Diameters 

Cylinder 
diameter,  in. 

Ring  radial 
wall  thick- ness, in., 

max. 

Ring 

groove  bottom  diameter,  in.. 
mstx- 

Cast-iron  pistons Aluminum  pistons 

C   om  pression rings Oil  rings Compression 
rings Oil  rings 

0.150 3.166 3-126 3.159 3.119 3^6 0.150 3.228 .   3-lSS 
3.221 3-181 0.155 3. 280 

3-240 3.273 3.233 
0.155 3.342 3-302 3 . 335 3.295 3^ 
0.160 3.395 3-355 3.387 3.347 

31^6 0.160 3.457 3-417 
3.449 3-409 

3%^ 

0.165 

3.509  * 

3.469 
3.501 

3.461 
31^6 

0.165 3.571 3.531 
3.563 3.523 

4 0.165 3.634 
3.594 

3 . 626 
3.586 

4K6 0.165 3.696 
3-656 3.6SS 3.648 

0.165 3.758 3.718 3.730 
3.710 

4K6 O.  165 3.820 
3.780 

3.812 
3.772 434 

0.  170 3.873 3.833 
3.864 

3.824 
4^6 0.170 3.935 3-895 3.926 3.886 
4M 

0.175 3.987 
3.947 3.978 

3.938 

4K6 
0.175 4.049 4.009 4.040 4.000 

4iJ 
O.ISO 4.102 4.062 4.093 4 . 053 

4Ms 
0.180 4.164 

4.124 4.  155 4.115 
4>| 

0.  ISO 4,226 
4.186 4.217 4.177 

41M6 
0.180 4.288 4.248 4.279 4.239 

4^i 
0.185 4,341 

4.301 4.331 4.291 
41^6 

0.185 4.403 
4.363 4.393 4.353 

434 
0.190 4.455 

4.415 
4.445 

4.405 

41^6 
0.190 4.517 4.477 4.507 

4.467 

5 0.195 4.570 
4.530 4 . 560 

4.520 

SKe 
0.195 4.632 

4-592 4.622 

4.582 
5>^ 

0.195 4.694 4 . 654 4.684 
4.644 

5^6 0.  195 4.756 4.716 4.746 
4.706 

0.200 4.809 
4.769 4.798 4.758 

5Me 0.200 4.871 
4.831 4.860 4.820 

5H 
0.205 4.923 4.883 4.912 4.872 

5He 0.205 4.985 4.945 4.974 4.934 

53^^ 0.210 5.038 
4.998 5.027 4.987 

5^6 
0.210 5.  lOO 5.060 5 . 089 5.049 5^g 
0.215 5.  152 5.112 5.  141 5.101 

SIMs 
0.215 5.214 5.174 5 . 203 5.163 5M 
0.220 5.267 5.227 5 . 255 5.215 

s^  M   6 
0.220 5.329 5 . 289 5.317 5.277 5M 
0 . 225 5,381 

5,341 5.369 
5.329 SI  Ms 

0.225 5.443 
5.403 5.431 0.391 

6 0.230 5.496 
5 . 456 5.484 

5.444 SKs 
0.230 5.558 5.518 

5.546 
5 . 506 

Si'S 0.235 5.610 5.570 5 . 598 5 . 558 
6M6 0.235 5.672 

5.632 5 . 660 5 . 620 
6>i 

0.240 5.725 
5 . 685 

5.  712 5.672 
6K6 

0.240 5.787 5.747 5.774 5.734 
0.245 5.839 5.799 5.826 5 . 786 SKs 
0.245 5.901 5.861 5.SSS 5   .   S4S 
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Table  A1-16E>. — Kuntg  Joiistts  and  Dhain  Holes 

(The  following  data  were  adopted  as  recommended  practice  only.) 

Ring-joint  Clearance. — Rings  having  maximum  radial  wall  thickness  as 

recommended  should  have  a   free  joint  opening  of  approximately  D/Q.75  to 

permit  assembling  them  without  overstressing  individual  castings  having 

a   mean  tensile  strength  of  about  28,000  lb.  per  sq.  in.,  as  piston-ring  joint 

clearance  must  be  determined  from  the  minimum  cylinder  diameter.  It 

is  recommended  that  joint  clearance  for  rings  be  as  follows: 

Ring-joint  Clearances 

Joint  Clear- 

Cy Under  Diameter,  In.  ance,  In. 

2-41^16     0.007-0.017 

5-8     0.010-0.020 

Number  of  Oil-ring  Groove  Drain  Holes 
Number  of 

Cylinder  Diameter,  In.  Holes 

2   -2M       8 

2^6  “21^6   ,       10 

3   -SKe     12 

Zli  -31^6     14 
4   -4H     12 

4^f6  -5K6       14 
5M      16 
6       14 

61H6-7A§£6   -     16 
8     17 

Size  of  Oil-ring  Groove  Drain  Hole 

Nominal  Ring  Width,  In. 

Drill  Hole 

Diameter,  In. 

.   ..  .   ̂'3^2 
.   ..  .   Hu 
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TABiiE  Al-17. — S.A.E.  Standard  Dimensions  for  Connecting-rod Bolts 

(From  S.A.E.  Handbook’") 

Diam- 
eter 

A B c D 

Threads 

per  inch 
NF-3 

E* 

F 
G 

No. 

H 

length minus 
R 

Me 

Le
ng
th
s 
 

va
ry
  by
  

e
v
e
n
 
 

ii
i-
j 
 

pr
ef
er
ab
ly
  

b
y
 
 

in
. 

/16 
He 

0.3125 

0.3105 
24 H 6 

48 3   2 

0.01-H2 

! 

K2I 

0.3750 
0.3730 

24 H 

J‘3  2 

36 

®64 

He 

^Ke 

0.4375 
0.4355 

20 

Vie 
36 

?6  4 

H 0 . 5000 

0.4975 

20 

H .S2 

36 

;   ?   6   4 

He 

Vs 
He 0.5625 

0 . 5600 

18 

7   / 

VS 5   16 

28 
H   6 

1 0 . 6250 
0 . 6220 

IS 
1 

28 

^16 

H 

IH 

JAe 0 . 7500 

0 . 7470 

16 

iLs J'16 

28 ?   1   6 

33  2~3 1 6 

Vs 
0.8750 

0.8715 

14 

Vi 

^2 

28 

i 
H   6 

1 

iH 

^16 1 . 0000 

0 . 9965 

14 

134 

1 

28 Ke 

*   Minimum  length  of  xisable  threads. 

Heeommended  practice  for  material  is  S.A.E.  steel  2330  or  3130. 

Head-treatment  should  give  a   Brinell  test  of  223  to  285. 

From  the  report  of  the  Engine  Division,  adopted  by  the  Society,  -•August,  1920. 
Revised  by  Gasoline  Engine  Division,  January,  1941. 
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Table  A 1-1 8. — Aircraft-engine  Link-rob  Data 

All  dimensions  in  inches. 
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Table  Al-19. — Propeller  Hubs  axd  Shaft  Exos,  Aircraft, 
Spline  Type 

S.A.E.  Recommended  Practice 

(From  S.A.E.  “Handbook”) 

tV/h/e  sp///7<?  or 
blanked  sht  musf 

come  on  center  fine 
of  firs f   tbrot^  on 

crornksbaff  mtbint-2*t 

Tb/s otppJies  ̂        yc*. 

only  ui/hen  C   \.[<. . .   _V.^I  ”   I "   ~ 

Center  Jfne  of 
radius  must  be 
on  or  betow 
this  did. 

(Max.  rad.  0. 046 | 
\Min.rad.0.0B0V 

16  Splines 

equaf/y 

spaced 

—   Chamfer  ends 

Dri//  <>f  splines  on S/io/er 

equa/ly  spaced 

Shaft  Ends 

Propeller  Shaft  Ends 

Thread 

S.A.E. 

shaft 
No. 

A 
-i-0.000 

—   0.002 

B 

max. 

'   C 

min. 

D 

± 0 . 0008 
E ±0.013 

(ex- 

tended) 

F 

±0.015 

Size 

and 
threads 

Pitch 
diam. 

+   0.000 

—   0 . 003 

10 
20 

1.992 
2.367 

1.781 

2.  156 

1.689 

2.064 

0.1940 
0.2310 

2«£6 

2^i'6 

7.875 
6.875 

liHe— 12 

2^16  —1 2 

1.631 
2.006 

30 2.617 2.406 2.314 0.2570 

2?d6 

8.243 

2?!  6   —12 

2.256 

40 
3.117 2.875 2.783 0 . 3040 

21H6 

7.906 213^6  — 12 2 . 7   56 

50 3.804 3.554 3.462 
0 . 3750 

2iMo 

8.562 

3K6  —12 

3.3S1 

S.A.E.  1 

shaft 
No. 

H 
J 

±0.015 

K 

+   0.000 
—   0.002 

M 
N 

± 0 . 030 

R  
 1
 

1   ̂ 
i   +0,000

 

-0.002
 

Y F 

10 2.000 

i 
...  i 1 . 687 

IHc 

20 5.781 2 . 375 6 

Ihz  \ 

2.062 

l^Ms 

SO 6.  156 2.625 

^6 

5^s 

1>2  1 
2.312 

2^16 

40 5.781 3.125 

1>2 

2.812 

21^6 
21-8 

50 
IKe 

6.500 3.812 6 

1   H 

3 . 500 

3   He 

IDiameters  A,  K,  and  X   shall  be  concentric  with  each  other  within  0.0003  in.  total  indicator 

reading  before  splining  operation. 

American  Standard  12  pitch  threads. 
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Table  Al-20. — Shaft  Taper  Type 

(From  S.A.E.  ^‘Handbook '0 

S.A.E. 

shaft 

No. 

Taper 

Key 

Locking  holes 

L D d K 

W 

+0.0000 —   0.0005 

T 

+0.000 
—   0.007 

S'
 

+0.010 
—   0.000 G E 

Num- ber 

00 3 1.250 0.950 0.2495 0.250 0.154 He 1 •   0 
1.875 1.512 

214 

0.3750 
0.278 

0.154 H 4 

1 2.050! 1.535 3 0.3750 0.278 0.154 

^^3  2 

5 

2 7 2.362 1.662 

SKe 

0.4730 0.237 
0.143 . 

The  taper  (included  angle)  should  vary  from  absolute  uniformity  by  being  0.000  to 

0.001  in.  larger  at  large  end. 

Taper  Shaft  End  Threads 

S.A.E. 

shaft 

Internal  thread  (optional) External  thread 

Pitch Pitch 
No. B I 

diam., 

min. 

A* 

E 

diam., 

min. 

00 None 
None None 1 H"  —16 0 . 7094 

0 W'  —18 0 . 8390 

^He 

134"  —18 1 . 3390 

1 
24 0.9104 

iHe 

—18 

1 . 4640 
2 

IHe 
1"  — 14 0 . 9536 

IHe"— 12 

1 . 5084 

Thread  Form,  American  (National)  Standard. 

*   Number  00  shaft  end  is  designed  for  use  of  standard  S.A.E.  ^4-in.  castle  nut.  All  other 
sizes  require  special  nuts. 
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Tabjle  Al-21. — Splines  for  Soft  Broached  Holes  in Fittings 

S.A.E.  Standard 

(From  S.A.E.  ^‘Handbook^O 
Tlie  accompanying  splines  have  become  established  as  basic  standard 

for  a   great  many  applications  in  the  automotive,  machine-tool,  and  other 

industries,  since  they  were  adopted  originally  by  the  Society  in  1914. 

The  dimensions,  given  in  inches,  apply  only  to  soft  broached  holes. 

The  shaft  dimensions  depend  upon  the  shape  and  material  of  the  parts,  their 

heat-treatment,  methods  of  machining,  etc.,  to  give  the  required  fit.  The 

method  and  amount  of  '^breaking’’  sharp  corners  and  edges  also  ‘depend 
upon  the  conditions  and  requirements  of  each  application. 

The  tolerances  allowed  are  for  good  construction  and  may  be  readily 

maintained  by  usual  broaching  methods.  The  tolerances  selected  for 

the  large  and  small  diameters  will  depend  upon  whether  the  fit  between  the 

mating  parts,  as  finally  made,  is  on  the  large  or  the  small  diameter.  The 

other  diameter,  being  designed  for  clearance,  may  have  a   wider  manufactur- 

ing tolerance.  If  the  final  fit  between  the  parts  is  only  on  the  sides  of  the 

spline,  wider  tolerances  may  be  permitted  on  both  the  large  and  small 
diameters. 

The  formula  for  theoretical  torque  capacity  (pressure  on  sides  of  spline) 

in  inch-pounds  per  inch  of  bearing  length  and  at  1,000  lb.  pressure  per 
square  inch,  is  given  in  footnotes  following  the  table  for  each  type  of  spline. 

Formulas  for  TF,  and  d,  in  terms  of  Earge  Diameter,  D 

No.  of 

splines 

TF, 

for  all 

fits 

A 

permanent  fit 

B 
to  slide  not 

under  load I   to  slide 

j   und
er  load

 

h d h d h d 

4 

0.241D* 
0.075D 0 . 8502) 0.1251) 0.730D 

6 0 . 250D 0 . 050D 
:   0 . 9002) 0.0752) 0 .   S50D 0 .   lOOD 0 .   SOOD 

10 0.156D  ! 0 . 045D 

1   0.9102) 
0.070/) 0   .   S60D 0 . 09522 0.81OD 

16 0 . 098D 0 . 045D 0.9102) 0 . 0702) 0 . 8602) 0 . 0952) O.SIOD 

^   Four  splines,  for  fits  A   and  S   onl^'. 
Radii  on  corners  of  splines  not  to  exceed  0.015  in. 

Splines  small  not  be  more  than  0.006  in.  per  ft.  out  of  parallel  with  resi»ect  to  the  axis  of 
the  shaft. 

ISio  allowance  is  made  for  radii  on  corners  or  for  clearness.  Dimensions  are  intended  to 

apply  to  only  the  soft  broached,  hole.  Allowance  must  be  made  for  machining. 
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Table  A 1-22, — Ball-bbahiistg  Selection 

Ail  standard  ball  bearings  are  made  to  internationally  agreed  upon 

dimensions  for  bore,  outer  diameter,  and  width  and  in  three  series,  i.e., 

light,  medium,  and  heavy.  The  American  edition  of  these  standards  is 

published  in  the  S.A.E.  Handbook.’^  Detailed  dimensions  may  vary  with 
different  manufacturers,  but  over-all  S.A.E.  standard  dimensions  are 

adhered  to.  Hence,  the  following  data  may  be  used  to  select  the  size  of 

bearing  needed.  Final  approval  of  the  selection  should  be  obtained  from 

the  manufacturer  of  the  bearing. 

In  the  following  subdivisions  of  this  table,  the  first  digit  in  the  bearing 

number  refers  to  the  type  of  ISTew  Departure  bearings,  the  second  identifies 

the  series,  and  the  third  and  fourth,  taken  together,  are  the  bearing  bore 

number,  which  is  such  that,  multiplied  by  5,  it  gives  the  bore  diameter  in 

millimeters,  except  for  the  small  bores  0,  1,  2,  and  3.  In  the  S.A.E.  “Hand- 

book,’' the  serial  and  bore  number  is  used  as  the  bearing  identifying  number 

for  single-row  radial  bearings.  For  example,  in  bearing  1309,  the  number  1 

indicates  that  the  bearing  is  a   ISTew  Departure  single-row  radial  filling- 

notch  type;  3   indicates  that  the  bearing  is  of  medium  series;  09  indicates 

that  the  bore  number  is  9,  and  as  9   X   5   ==  45,  it  also  indicates  that  the  bore 

diameter  is  45  mm. ;   309  is  the  S.A.E.  number  for  this  bearing. 

The  following  methods  of  selection  are  adapted  from  recommended 

practice  in  the  New  Departure  “Handbook,”  12th  edition.  It  is  assumed 
that  the  loads  and  speeds  are  known. 

Det  L   =   calculated  radial  load  on  bearing,  lb. 

T   —   calculated  thrust  load  on  bearing,  lb. 

n   ==  r.p.m.  of  shaft  through  bearing  ( ==  r.p.m.  of  inner  ring  of 
bearing) . 

F   —   radial  equivalent  conversion  factor  (Table  A1-22A)- 
Z   —   life  modifier  (Table  A1-22B). 

il/  =   the  speed  correction  for  rotating  outer  ring  (Af  =   1.46  for  the 

light,  1.61  for  the  medium,  and  1.74  for  the  heavy  series  bearings 

in  this  table). 

K   ==  shock-load  correction  factor  (Table  A1-22C). 
C   ==  radial  or  equivalent  radial  capacity,  lb. 

For  bearings  under  radial  load, 

c   =   T   X   ̂    X   a: 

For  bearings  under  thrust  and  radial  load, 

C=Z,XFX2rxA 

For  bearings  under  pure  thrust, 

C=rxFXZxK 

For  a   rotating  inner  ring  (the  usual  case),  locate  the  value  of  O   found  by 

the  preceding  methods  in  the  proper  speed  (n)  column  of  Table  A1-22E  or 

1   New  Departure  “Handbook.” 

^   S.A.E.  “Handbook.” 



AI^RENDIX  1 
407 

A1-21G  as  applies  (for  filling-notcii  bearings);  or  Table  A1-22I  or'  A1-22K 
as  applied  (for  nonfilling-noteh  bearings).  Then  read  across  to  the  left- 
hand  column  of  the  table  for  the  corresponding  New  Departure  (or  S.A.E.) 

bearing  number.  Enter  this  bearing  number  in  Table  A1-22D,  A1-22F, 

A1-22H,  or  A1-22J  as  applies,  and  read  the  over-all  bearing  dimensions  as 
indicated.  An  alternate  last  step  is  to  enter  the  last  three  digits  (S.A.E. 

bearing  number)  in  the  S.A.E.  Handbook”  bearing  tables  and  read  the 
bearing  dimensions  therein. 

If  the  outer  ring  of  the  bearing  is  rotating,  multiply  the  speed  n   by  the 

speed  correction  factor  jM  and  use  the  product  to  locate  C   in  the  load  tables. 

TA3nn  A1-22A. — Coivibined  LojUd  Factors  F,  for  Cox\'ersiox  to 
RAniAL.  Equivalent 

(From  New  Departure  ^‘•Handbook”) 

T/L 
Single-row  filliiig- 

notch  N.D.  type  1000 
Single-row  nonfiUling- 
notch  N.D.  type  3000 

0.05 0.99 
0.99 

0.10 
1.00 0.99 

0.15 1.02 
0.99 

0.20 1.04 
1.00 

0.25 
1.06 1.00 

0.30 1.10 
1.01 

0.35 1 . 14 1.02 

0.40 
1.19 1 .04 

0.45 1.24 
1.06 

0.50 1.30 1.09 

0.60 
1 . 14 

0.70 .... 
1.21 

0.80 
1.28 

0.90 
1.35 

1.00 1.44 

1.25 1.66 

1.50 

1.90 

1.75 

2.17 

2.00 
2.45 

3.00 
3.62 

4.00 4.65 

5.00 .... 5.63 

7.50 
8.07 

10.00 
10.57 

Pure  thrust 1.00 
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T.\ble  A1-22B. — Radial  Load  Life  Modifiers,  Z;  for  Giving  Desired 
Bearing  Life 

(Based  on  data  from  New  Departure  “Handbook”) 

Desired  bearing  iifedhousands  of  hours 

T.^le  A1-22C. — Shock-load  Factors 

(From  Norman,  Ault,  and  Zarobsky,  ‘^Fundamentals  of  Machine  Design”) K   for  Ball 

Type  of  Service  Bearings 

Uniform  steady  load     1.00 

Light  shock  load   .   1.50 

Moderate  shock  load     2.00 

Heavy  shock  load     2.50 

Extreme  and  indeterminate  shock  load     3.00 
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Table  A1-22D. — Single-row  Radial  Bearings  Type  lOOO 
(Filling-notch  type) 

(From  Nevv^  Departure  “Handbook^’) 
Principal  Dimensions 

Provide  maximum  single-row  capacity  for  radial  loads.  IMay  be  used  for 

combined  loads  when  chosen  in  accordance  with  factors  F   (Table  A1-22A). 

<   o   =>1 

c IV  b 
1 

— 1 — 
u 

N.D. 
bearing 

No. 

Bore 
B 

Diameter 

D 
Width 
W 

Balls 

Radius 

r* 

Mm. In. Mm. In. Mm. In. Diain. 
No. 

1304 20 0 . 7874 52 2.0472 15 0.590G 

^?3  2 

9 
0.04 

1404 72 2 . 8346 

19 

0.7480 Pi  6 S 

1305 25 0.9843 

62 

2.4409 17 0 . 6693 

11 

0.04 

1405 80 3.1496 
21 

0.8268 8 0.06 

1206 
02 

2.4409 

16'
 

0 . 6299 0.04 
1306 30 

1. 1811 
72 

2 . 8346 
19 

0.7480 

^^32 

11 

0.04 
1406 

90 

3 . 5433 

,   22 

0.9055 9 
0.06 

1207 
72 

2 . 8346 
17 

0.6693 

Ke 

12 0.04 

1307 35 1.3780 80 3.1496 
21 

0.8268 

^^32 

11 
0.06 1407 

100 
3.9370 

25 

0.9043 9 0.06 

1208 80 3.1496 18  . 0.7087 

^?32 

13 

0.04 
1308 40 

1.5748 90 3 . 5433 
23 

0.9055 11 0.06 
1408 110 4 . 3307 

27 

1.0630 

^?16 

0.08 

1209 
85 

3.3465 

19 
0 . 7480 14 

!   0.04 

1309 45 1.7717 
100 3.9370 

25 

0.9843 

“‘32 

12 0.06 

1409 
120 4-7244 

.   29 

1.1417 

Js 

10 
O.OS 

1210 90 3.5433 20 0.7874 

^=32 

15 0.04 

1310 50 1.9685 
110 

4 . 3307 

27 

1.0630 

•*‘?32 

12 O.OS 
1410 130 

5.1181 

31 

1.2205 

10 

0.08 

1211 100 3.9370 21 0.S26S 

^7'32 

15 

0.06 
1311 55 2. 1654 

120 
4.7244 

29 

1. 1417 

“?32 

12 

O.OS 

1411 140 5.5118 33 1 . 2992 1 10 O.OS 

1212 110 4.3307 
22 

0.8661 

^?'3  2 

15 0.06 
1312 60 2.3632 130 5.1181 

31 
1.2205 

“7  3   2 

12 O.OS 
1412 150 5 . 9055 35 1.37S0 

1   7.  j   g 

10 

O.OS 

*   Radius  r   indicates  maximum  fillet  radius  in  housing  or  on  shaft  \vhi<-h  bt'aiiiiM:  radius 
will  clear. 
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Table  A1-22E. — Sing-le-row  R-adial  Bearings  Type  1000 

(Filling-notch  type) 

(From  New  Departure  Handbook  ^0 
Radial  Load  Ratings 

The  bearing  capacities  listed  on  this  page  are  basic  radial  load  ratings 

ill  pounds,  with  rotating  inner  ring.  From  these  ratings,  bearings  of  the 

proper  siae  for  the  service  desired  can  readily  be  selected  by  use  of  data 

given  in  Table  A1-22D. 

N.B. R.p.m.  {n) 

bear- 
ing 

No. 
200 300 400 500 600 

800 1,000 1,500 2,000 
3,000 5,000 

1304 1 , 565 1,365 1,240 
1,150 1,085 982 915 

800 

726 
635 

535 

1404 
2,160 1,885 1,720 1,595 1,500 1,370 1,265 1,105 1,005 

875 

740 

1305 1 ,990 1,735 1,575 1,465 1,380 1,260 1,160 1,015 923 

805 

680 

1405 
2,580 2,250 2,050 1,900 1,790 1,625 1,510 1,315 1,195 1,045 

883 

1206 1 ,735 1,365 
1,420 1,315 1,240 1,125 

1,045 

■   917 

829 727 811 

1306 2,490 2, 170 1,970 1,825 
1,720 1,570 1,450 1,270 1,150 1,005 

886 

1406 
3,435 2,990 2,720 

2,525 

*2,375 

2,145 
2,000 1,750 1,590 

1,390 1,175 
1207 2,530 2,210 2,005 1,865 1,755 1,595 

1,480 1,290 1,175 1,025 

865 

1307 2,855 2,100 2,265 2,100 1,980 1,800 1,670 1,455 
1,325 

1,155 
982 

1407 3 , 9S0 3,475 3,160 2,935 2,760 2,520 2,330 2,030 
1,845 

1,610 
1,855 

120S 2,990 2,610 2,375 
2,205, 2,075 1,885 1,750 1,530 1,390 1,210 1,020 1308 3,560 3,110 2,830 2,625 2,470 2,245 2,080 1,820 1,650 1,440 1,205 1408 4 , 550 3,970 3 , 605 3,350 3,150 2,870 2,660 2,320 2,110 1,840 1,560 

1209 
3,235 2,825 2,570 2,385 2,245 2,010 1,890 1,650 1,500 1,310 1,100 

1309 4 , 400 3 , 835 3,480 3,240 
3,045 2,770 2,570 2 , 245 2,040 1,780 

1,500 1409 
5 , 535 4,825 4,390 4,075 3,830 3,470 

3,230 2,820 2,560 2,240 

1210 
3,495 3,055 2,775 2,580 2,430 2,195 2,040 1,785 1,620 1   ,415 

1310 5,065 4,410 4,020 
3,820 3,510 3,190 2,960 

2,580 2,345 2,050 1410 
6,190 5,400 4 , 900 4,550 4,290 3,900 3,615 3,155 2,870 

2,505 

1211 
4,120 3 , 650 3,310 3,075 

2,895 
2,625 

2,440 2,135 1,940 1,695 1311 5,750 5,010 4 , 560 4,245 3,990 
3 , 605 3,360 2,935 2,665 

2,325 1411 
6,870 6,000 5,450 5,060 4,770 4,320 4,015 3,510 

3,  190 
2,785 

1212 4,900 4,300 3,900 3,615 
3,400 3,100 2,865 

2,615 
2,280 1 , 995 1312 6,490 5 , 655 5 , 1 45 4,780 4,495 4,100 3 , 790 3,310 
3,010 2 , 620 1412 

7 , 575 6 , 600 6,010 
5 , 585 5 , 250 

4,780 
4,430 

3,870 3,510 3,065 
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Table  A1-22F. — Single-row  Radial.  Bearings  Type  1000 

(Filling-notch  type) 

(From  New  Departure  “   Handbook 
Principal  Dimensions 

Provide  maximum  single-row  capacity  for  radial  loads.  May  be  used 
for  combined  loads  when  chosen  in  accordance  with  factors  F   (Table  A 1-22 A). 

N.D. 

bearing 

No. 

Bore 
B 

Diameter JD 
Width 

W 
Balls 

Radius 

Mm. In. Mm. In. Ivim. 
In. 

Diam. No. 

1213 120 
4.7244 

23 

0 . 9055 

2   >   '3  2 

15 
0.06 

1313 65 2.5591 
140 

5.5118 

33 

1 . 2992 

12 

0.08 

1413 160 6.2992 37 1 . 4567 10 O.OS 

1214 125 4.9213 

24 

0 . 9449 

-   f   3   2 

15 0.06 
1314 70 2.7559 

150 
5.9055 35 1 . 3780 12 0.08 

1414 
180 

7.0866 42 1 . 6535 m 

10 

0. 10 

1215 130 5.1181 

25 

0.9843 

^   Is  2 

16 
0.06 

1315 
75 

2.9528 160 6 . 2992 37 1 . 4567 1 

13 

O.OS 

1415 
190 

7 . 4803 

45 

1.7717 

IH 

10 

0.10 

1216 140 5.5118 
26 

1 . 0236 17 
O.OS 

1316 80 
3.1496 

170 6 . 6929 
39 

1 . 5354 

1>16 13 

0.08 

1416 
... 200 

7 . 8740 48 1 . 889 S 

17-1  6 

10 
0.  10 

1217 150 
5 . 9055 

28 

1 . 1024 16 
O.OS 

1317 85 3.3465 ISO 7 . 0866 41 1.6142 

1>S 

13 

0.  10 

1417 210 S.2677 52 2 . 0472 

If  a 

10 

0,  12 

1218 160 6 . 2992 30 1.1811 

15 

O.OS 

1318 90 
3.5433 

190 
7 . 4803 43 1 . 6929 

IHe. 13 

0.  10 
1418 225 8. 8583 54 

2 . 1260 

10 

0,  12 

1219 170 6.6929 

32 

1 . 2598 

2?3  2 

15 
0.08 

1319 
95 

3,7402 

200 
7 . 8740 45 1.7717 

IH' 

13 
0.  10 

1220 180 
7 . 0866 34 1 . 3386 

«73  2 

15 O.OS 

1320 
100 

3.9370 215 8.4646 

47 

1 . 8504 

12 

0.  10 

1221 
190 

7 . 4803 

36 

1.4173 1 16 O.OS 

1321 105 4.1339 
225 8 . 8583 

49 

1.9291 

1   7 1   6 

12 
0.  10 

1222 
200 

7 . 8740 38 
1 . 496 1 

1^16 

16 0,08 

1322 110 
4.3307 

240 
9 . 4488 50 1 . 96S5 

1   ̂2 

12 
0.  10 

*   Radius  r   indicates  maximum  fillet  radius  in  housing  or  on  shaft  which  hearing  radius 

will  clear. 
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Table  A1-22G. — Single-bow  Radial  Bearings  Type  1000 

(Filling-notch  type) 

(From  New  Departure  “Handbook^’) 
Radial  Load  Ratings 

The  bearing  capacities  listed  on  this  page  are  basic  radial  load  ratings 

in  pounds,  with  rotating  inner  ring.  From  these  ratings,  bearings  of  the 

proper  size  for  the  service  desired  can  readily  be  selected  by  use  of  data 

given  in  Table  A1-22F. 

N.D. 

bear- 

• I 
i.p.m. 

n) 

ing 

No. 
200 300 

400 
500 

600 800 
1,000 1,500 2,000 3,000 

1213 
5 , 675 4,975 

4,500 4,180 3,940 3,585 3,315 2,910 
2,640 2,300 1313 

7,210 6,300 5,730 5,310 5,000 
4,510 4,215 3,680 3,350 2,915 1413 

8,295 7,245 6,580 6,110 5,750 5,200 4,850 
4,235 

3,850 3,360 
1214 

5,770 5 , 060 4,575 4,250 4,005 
3,645 3,375 2,955 2,680 

2,335 1314 
8,000 6,980 

6,350 
5,895 5,550 5,025 4,675 4,080 

3,710 3,240 1414 
9,720 8,490 7,800 7,160 6,740 6,050 5,685 4,965 4,510 

3,940 1215 
6,100 5,360 4,850 4,500 4,240 3,860 3,580 

3,  145 

2,845 2,485 1315 
9,010 7,860 7,150 6,640 6,250 5,680 5,260 

4,600 4,180 3,650 1415 11,010 9,600 8,740 8,100 7,625 6,930 6,430 5,625 5,110 
1216 

6,900 6,025 5,490 5,090 4,790 
4,360 4,040 3,525 3,200 2,800 1316 

9,890 8,635 7,845 7,290 6,875 6,220 
5,780 5,050 

4,590 

1416 11,880 10,350 
9,420 8,750 8,235 7,500 6,945 6,060 5,510 

1217 
7,850 6,880 6,220 5,780 5,440 4,940 

4,585 
4,020 

3 ‘,645 

1317 10,750 
9,395 8,530 7,925 7,465 6,780 6,290 5,495 4,990 1417 12,700 11,090 10,050 

9,350 8,800 8,010 7,420 6,475 
5,890 

1218 
8,400 7,370 6,680 6,190 5,820 5,300 4,920 4,310 3,900 1318 11,690 10,200 

9,275 8,605 8,110 7,380 6,835 
5,970 

15,415 
1418 14,200 12,400 11,280 10,460 

9,850 8,960 8,300 7,250 .6,590 
1219 

9,300 8,150 7,400 6,850 6,450 5,880 5 , 440 
4,770 

4,320 1319 12,600 11,000 10,000 
9,300 8,745 7,970 7 , 360 

6,440 5,850 

1220 10,225 8,975 8,150 
7,540 7,110 6,480 5,990 5 , 250 4,750 1320 13,550 11,830 10,750 10,000 

9,410 8,550 7,930 6 , 930 6 , 295 

1221 11,330 9,900 9,000 8,350 7,860 7, 130 
6,630 

5 , 785 5,260 1321 14,510 12,680 11,510 10,700 10,080 
9,170 8,495 

7,425 6,735 
1222 12,320 10,780 

9,790 9,100 8,550 7,750 7,210 6,300 5,715 1322 15.400 13,600i 12,250 11 ,480 10,70019,780 
9,105 7,870 7,160 
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Table  A1--22H. — Single-row  Radial  Bearings  Type  3000 
(No  filling-notch  type) 

(From  New  Departure  *   ‘   Handbook  ”   ) 
Principal  Dimensions 

For  radial  or  combined  loads  from  either  direction  where  thrust  is  to  be 

resisted  by  a   single  bearing  and  is  not  great  enough 

to  require  use  of  angular  contact  type.  For  capaci- 

ties under  thrust  or  combined  loads,  use  factors  F 

(Table  A 1-22 A). 

N.D. 
bearing 

No. 

Bore Diameter 

D 

Width 

\V 

BaRs 

Radius 

r* 

Mm. In. Mrn. 
In. Mm. In. Diam. No. 

3200 30 1 . 1811 9 0.3543 J   'S2 0.025 

3300 10 0 . 3937 35 1 . 3780 

11 

0.4331 7 

3201 
32 

1 . 2598 10 0 . 3937 
0.210 s 

0.025 
3301 12 0 . 4724 

37 
1 . 4567 12 

0.4724 
7 0.04 

3202 

35 

1 . 3780 11 0.4331 0.210 9 0.025 

3302 
15 0.5906 

42 
1 . 6530 

13 

0.511S 

«i6 

0.04 

3203 
40 

1 . 5748 
12 

0.4724 S 

3303 17 0.6693 

47 

1 . 8504 14 
0.5512 

0.04 

3204 47 1 . 8504 14 0.5512 
N   6 

s 

3304 20 0.7874 52 2 . 0472 15 0 . 5900 7 0.04 

3205  . 
52 

2 . 0472 
15 

0 . 5906 ?IC 
9 

3305 
25 

0.9843 
62 

2 . 4409 
17 

0 . 0693 8 

j   0.04 

3206 

62 

2 . 4409 

16 

0 . 6299 9 

3306 30 1 . 1811 72 2 . 8340 

19 

0-7480 s 
0 . 04 

3207 
72 

2 . 8340 

17 

0 . 6693 

‘10 

9 0.04 

3307 
35 

1 . 3780 SO 3. 1490 

21 

0 . S20S 

'   ‘32 

I   S 

t) .   06 

3208 
SO 

3. 1490 

IS 
0 . 7087 

"■*32 

9 0.04 

3308 40 1 .5748 

90 

3 . 5433 

23 
0 . 9055 

">■32 

!   8   j 

0.06 

3209 
8.5 

3 . 3465 

19 

0.7480 

1   .1 ., 

1 

10 

0   04 

3309 
45 1.7717 100 3 . 9370 25 0-9S43 

“   *   3   2 

S 
0.06 

3210 90 3.54.33 

20 

0.7S74 

"■'*3  2 

1   1 
0.04 

3310 
50 

1.9685 1   10 4 . 3307 

27 

1.06.30 

-^32 

s 0   .   OS 

3211 100 3 . 0370 21 0.S2<iS 

"‘32 

1 1 0 , 06 

3311 55 2.1654 120 4 . 7244 29 1.1417 

■■•"*3  2 

s 0 . 08 

*   Radius  r   indicates  iiia.ximuni  fillet  radius  iu  housing  ur  oir  shaft  which  bearing  radius 
will  clear. 



414 AIRCRAFT  ENGINE  DESIGN 

A1-22I. — Si]>jgi.e-row  Radiaj^  Beaein^gs  Type  3000 

(No  filling-notch  type) 

(From  New  Departure  Handbook ’0 
Radial  Load  Ratings 

The  bearing  capacities  listed  on  this  page  are  basic  radial  load  ratings 

in  pounds,  with  rotating  inner  ring.  From  these  ratings,  bearings  of  the 

proper  size  for  the  service  desired  can  readily  be  selected  by  use  of  data 

given  in  Table  A1-22H. 

N.D. 

bear- 
R.p.m. ing 

No. 
200 300 400 500 600 800 O o o 

1,500 2,000 3,000 5,000 
3200. 419 364 

332 307 

290 
264 244 213 194 

169 
140 

3300 481 

419! 

381 356 333 305 281 
245 223 195 163 

3201 515 450 410 380 357 319 301 

263 239 
209 

162 

3301 603 523 479 
.   441 

419 
379 352 307 

281 244 
209 

3202 610 533 485 450 
424 388 

357 
312 

284 
248 

200 
3302 712 

620 564 521 
493 448 415 

362 

330 
288 

242 

3203 788 
1 

6891 

625i 

581 546 494 460 402 
365 

319 
270 

3303 832 
729 660 

612 
578 523 

486 

425 386 
337 284 

3204 
944 

827 749 690 655 595 552 
482 

438 
381 

321 
3304 1,160 1,010 

917 851 802 
726 

677 
593 

537 
470 

398 
3205 

1,120 
976 889 825 775 

700 655 
571 

520 
454 

383 
3305 1,560 1,360 1,235 1,140 1,080 

988 
910 795 

724 
631 

*   534 

3206 
1,475 1,290 1,175 1,085 1,025 930 865 758 

683 
600 

503 3306 1,955 1 , 700 1,545 1,430 1,350 1,230 1,140 996 
902 

78S 
695 

3207 2,090 1,825 1,655 
1,540 1,450 1,315 1,220 1 , 065 

970 
845 

714 
3307 

2,240 1 , 950 1,775 1 , 650 1,550 1,410 1,310 1,140 1,040 
905 

770 

3208 2,340 2,040 1   ,860 1,725 
1   ,620 

1,475 1,370 1,200 1,090 
947 

798 
3308 2,790 2,440 2,220 2,060 1,935 1,760 1,630 1,430 

1,295 1,130 
945 

3209 
2,580 2,260 2,045 1,900 1   ,790 1,600 1,510 1,315 1,200 1,045 

877 
3309 3,260 2 , 840 2,580 2,400 2,255 2,055 1,905 1,660 1,510 1,320 

1   ,   HO 
3210 2,640 2,455 2,240 2,100 

1   ,980 
1,780 1,660 1,450 

1,320 
1 ,   150 

3310 3,755 3,270 2,980 2,830 2,600 2,360 2, 195 1,910 
1 ,735 

1 , 520 

3211 3,390 2,985 2,700 2,500 2,355 2,  140 
1,980 1 , 735 1 ,580 1,380 

3311 4,255 3,715 3,385 3,140 2,960 2,675 2,490 2, 175 1 ,975 
1,725 
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Table  A1-22J. — Sinqle-row  Radial  Bearixgs  Type  3000 
(No  filiing-notch  type) 

(From  New  Departure  “Handbook 
Principal  Dimensions 

For  radial  or  combined  loads  from  either  direction  where  thrust  is  to  be 

resisted  by  a   single  bearing  and  is  not  great  enough  to  require  use  of  angular 

contact  type.  For  capacities  under  thrust  or  combined  loads,  use  factors  F 

(Table  A1-22A). 
''r 

N.D. 
bearing 

No. 

Bore 

B 
Diameter 

D 
Width 

W 
Balls 

Radius 

r* 

Mm. In. Mm. In. 
Mm. 

In. 

1   Diam. 

No. 

3212 60 2 . 3622 
110 4.3307 22 0.8661 

10 

0.06 

3312 
130 5. 1181 

31 
1.2205 

‘’J'3  2 

S 
0.08 

3213 
120 4.7244 

23 

0.9055 

-   2 

10 
0.06 

3313 65 2.5591 

140 
5.5118 

33 1 . 2992 

~^3  2 

S 

o.os 

3214 

125 
4.9213 

24 
0 . 9449 

“'?32 

11 
0.06 

3314 70 2.7559 
150 5 . 90.55 35 

1 . 3780 

»?>32 

s 

O.OS 

3215 130 5.1181 
25 0.9843 

2   3.3  2 

11 
0.06 

3316 75 2.9528 
160 

6 . 2992 37 1.4567 1 8 

O.OS 

3216 
140 

5.5118 

26 

1 .0236 

^>16 

11 

3316 
SO 

3.1496 
170 6 . 6929 

39 

1   -   5354 

13X6 

S 
O.OS 

3217 
150 . 5 . 9055 

28 
1 . 1024 

“   ?   3   2 
11 

O.OS 

3317 85 3 . 3465 
ISO 7 . 0866 41 

1.6142 

13s 

S  
 ■ 

0.  10 

3218 
160 

6.2992 30 
1 . 1811 

^J'3  2 

1   11 

o.os 

3318 90 3.5433 

190 
7 . 4803 43 

1 . 6929 

1.^16 

s 0.  10 

3219 
170 

6 . 6929 32 
1 .2598 

-?'3  2 

11 

o.os 

3319 95 3.7402 
200 7 . 8740 

4.5 

1 .7717 

134 

8 0. 10 

3220 180 7 . 0866 34 
1 . 33S6 

®3  3   2 

11 
o.os 

3320 100 
3.9370 

215 
8 . 4646 47 

1 . 8504 

iH 

8 0.10 

3221 190 7 . 4803 

36 

1 .4173 
1 

11 
o.os 

3321 105 4.1339 225 8 . 8583 
49 

1 . 929 1 

17-X6 

8 0. 10 

3222 200 7 . 8740 38 
1 .4961 

1^16 

1 1 

o.os 

3322 110 4.3307 
240 9 . 4488 50 1   .9685 

1   ‘2 

8 0.  10 

*   Radius  r   indicates  maximum  fillet  radius  in  housing  or  on  shaft  which  bearing  radius 
will  clear. 
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Table  A 1-22 Tv, — SmGL.E-ROW  Radial  Bearings,  Type  3000 

(No  filling-notch  type) 

(From  New  Departure  “   Handbook '0 
Radial  Load  Ratings 

The  bearing  capacities  listed  on  this  page  are  basic  radial  load  ratings 

in  pounds,  with  rotating  inner  ring.  Troni  these  ratings,  bearings  of  the 

proper  size  for  the  service  desired  can  readily  be  selected  by  use  of  data 

given  in  Table  A 1-22 J. 

N.D. R.p.ni 
.   (n) 

No. 200 
300 

400 
500 600 800 

o o o 

1 , 500 2,000 3,000 

3212 3,750 3,290 2,970 2,750 
2,595 

2,360 2,180 
1,920 

1,735 
1,520 3312 4,805 4,200 3,815 3,540 3,330 3,040 

2,810 
2,455 2,230 

1,940 

3213 
4,325 3,800 3,435 3,180 3,000 2,725 2,525 2,215 2,010 1,750 3313 
5,350 4,665 4,250 3,940 3,705 3,^45 

3,130 
2;  730 

2,485 2,160 

3214 
4,700 4,100 3,720 3,455 3,250 

2,960 2,745 
2,405 

2,180 1,895 3314 
5,930 5,170 4,705 4,365 4,110 3,725 

3,465 
3,025 2,750 2,400 

,   3215 4,770 4,165 3,780 3,510 3,300 3,005 
2,790 

2,445 2,210 1,920 3315 
6,325 5,520 5,020 4,660 4,395 3,980 3,700 3,230 2,936 2,565 

3216 
5 ,,  155 

4,500 4,  100 3,800 
3,575 3,260 3,020 2,635 2,390 2,095 3316 

6 , 945 6,055 5 , 505 5,110 4,825 4,366 
4,055 

3,650 3,220 
3217 6 , 100 5,340 4,845 4,500 

4,235 

3,845 
3,560 

3,135 
2,835 

3317 
7,550 6,600 5,990 5,560 5,250 4,750 4,410 

3,860 3,500 
3218 

6,820 5,990 5,420 
5,010 

4,740 
4,310 4,000 

3 , 500 
3,  170 

3318 
8,205 7,160 6, 510 6,050 5,700 5,185 

4,800 
4,200 

3,810 
3219 

7,580 6,620 6,000 5 , 570 5,230 4,785 4,425 3,880 
3,510 

3319 
8,845 7,725 

7,020 6,530 5,  135 5,595 5,160 4,510 4,  100 

3220 
8 , 320 7,300 6,620 

6 , 130 5,790 
5,260 

4,875 4,265 
3,865 3320 10,040 

8,760 7,960 
7,400 6,970 6,330 

5,880 
5,140 4,660 

3221 
8,780 7,700 6,990 6,480 

6,  lOO 
5 , 530 

5,150 4,480 4,080 3321 10,750 
9,390 8,535 7,930 

7,460 
6,790 6,295 

5 , 500 4,985 

3222 9,550 8 , 390 7,600 7,075 6,630 6,010 5,600 4 , 890 4,440 
3322 11,410 10,080  9,070 8 , 500 7,925 7 , 235 6,745 5,835 5,305 
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Table  Al-23. — Roller-bearin-g  Selection 

For  conditions  of  extreme  load  or  severe  shock  loads  such  as  occur  in 

the  main  bearings  of  radial  engines,  roller-type  bearings  are  frequently 

most  applicable.  For  a   given  size,  roller  bearings  have  a   greater  load- 

carrying capacity  than  ball  bearings  because  they  provide  “Line”  contact 

as  against  “point”  contact.  Cylindrical  roller  bearings  have  the  dis- 
advantage of  inability  to  take  appreciable  thrust  loads.  Roller  bearings 

are  manufactured  in  the  “metric”  and  “inch”  types;  data  on  the  latter 

are  given  in  Tables  A1-22B  and  A1-22C.  Inch-type  bearings*  as  manu- 

factured by  the  Norma-Hoffmann  Bearings  Corporation  are  further  classified 

as  ‘^standard,”  “one-lipped,”  and  “two-lipped”  types  (see  Fig.  A).  Standard 

and  one-lipped  types  of  roller  bearings  correspond  in  general  to  filling-notch 

types  of  ball  bearings  in  that  they  contain  the  maximum  number  of  rollers. 

Tvm-lipped  type  roller  bearings 

correspond  in  general  to  non- 

filling-notch types  of  ball  bear- 

ings, but  they  cannot  take  thrust 

loads.  Standard  roller  bearings 

have  the  advantage  over  one-  and 

particularly  two-lipped  types  in 
that  endwise  movement  of  the 

shaft  does  not  bind  the  rollers  in 

the  outer  race,  but  this  entails 

provision  of  means  to  hold  the 

outer  race  from  slipping  out  of 

position.  In  general,  one-  and 

preferable  for  radial-engine,  main 

more  easily  held  in  place  axially. 

Radial  load  ratings  for  Hoffmann  roller  bearings  are  given  in  Tables 

A1-23B  and  A1-23C  for  4he  range  of  bearing  sizes  most  likely  to  be  needed 

for  aircraft-engine  main  bearings.  (Load  ratings  for  standard  types  are 

the  same  as  for  the  one-lipped  type.  The  bearing  numliers  differ  by  the 

deletion  of  the  L   in  the  standard  type.)  These  load  ratings  are  for  non- 

shock conditions  and  are  based  on  a   life  of  10,000  hr.  For  aireraft-eaiginc 

main  bearings,  the  load  C   for  entry  in  the  load  tables  may  be  determined 

from 

C   =   L'XZ  y<K  (1) 

where  C   —   equivalent  radial  capacity,  lb,  ^ 
L   =   calculated  radial  load  on  the  bearing,  lb. 
Z   =   life  factor  for  a   desired  hearing  life  other  than  10,000  hr.  (Fig.  B) . 

K   =   the  shock  load  factor  (Table  -41-23 A). 
To  determine  the  proper  size  of  roller  bearing,  enter  C   as  determined  by 

Eq.  (1)  in  Table  A1-23B  or  A1-23C  (as  applies)  at  the  propter  r.p.in.  and 

read  the  major  bearing  dimensions  and  the  bearing  number  on  the  left 

side  of  the  table. 

*   Noriiia-Hoffniuiin  roller  bearings  applicable  to  use  in  aircraft  engines  are  also  made  in 

standard,  one-lipped,  and  two-lii.»ped  metric  types,  data  of  Nmiiiu-llotYnianu  Bearings 
Corporation. 

Fig.  a. — Ti^pes  of  roller  bearings. 

two-lipped  types  of  roller  bearings  are 

bearings  because  the  outer  races  can  be 
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Desired  life^hoursx  10"^ 
Desired  life  hours  X   10~^. 

Table  A1-23A. — Shock-loai>  Factors  for 

Holler  Bearings 
Shock 

Type  of  Service  Factor,  K 

Uniform  and  steady  load     1.0 

Light  shock  load     1.0 
Moderate  shock  load     1.3 

Heavy  shock  load     1.7 

Extreme  and  indeterminate  shock 

load     2.0 

Fig,  B. 

Table  A1-23B. — One-lippeb  Inch-type  Hoffmann  Precision 

Holler  Bearings 

(From  engineering  data  of  the  Norma-Hoffmann  Bearings  Corporation) 

Bearing  No. 

Bearing  dimensions,  in. Load  in  pounds  at  speed  in r.p.m. 

\ 
A B C H 500 

1,000 1,500 2,000 3,000 

RLS-L  Type  Light  Series 

RLS-15-L   2 4 0.81251 
0 . 0937 

2,610 
2,070 

1,810 1,640 
1,430 

RLS-16-L   2.250 4.500 
0.875 0.0937 

3,420 
2,710 

2,370 
2,150 1,880 

RLS-17-L   2.500 5 0.9375 0.0937 4,050 
3,210 2,800 

2,550 2,230 

RLS-18-L   2.750 5.250 0.9375 0.0937 4^300 
3,410 

2,980 2,710 
2,870 

RLS-19-L   3 5.750 1.0626 0.0937 
5,290 

,   4,200 

3,670 3,330 
RLS-19.5-L     3.250 6 1,0625 0.0937 

5,600 
:   4,440 

3,880 
3,530 

RLS-20-L   3.500 6.500 1.125 0.125 
6,750 5,360 4,680 4,250 RLS-20.5-L   3.750 6.750 1.125 

0.125 
7,130 5,660 4,940 4,480 RLS-21-L   4 7.250 

|1.2
50 

0.125 
7,930 6,310 5,510 

5,010 

RMS-L  Type  Medium  Series 

RMS-1 5-L   

''2 

4.50 1 . 0625 0.0937 
5,390 4,280 3,740 3,400 

2,970 

HMS-16-L   2.260 5 1.250 0. 125 
6,000 4,760 4,160 3,780 3,300 RMS-17-L   2.500 5.600 1.250 0.125 7,500 5,950 5,200 

4,720 4,130 RMS-18-L   2.750 6.250 1.375 0.125 10,300 
8,170 7, 140 6,490 RMS-ig-L   3 7 1.5625 0.1562 

12,620 10,010 
8,740 7,940 

RMS-19.5-L   13.250 7.500 1 . 5625 0,1562 13,520 10,730 

9,370 
8,510 

RMS-19.75-L   3.375 
7.600 

1.5625 0.1562 13,520 10,730 9,370 
8,510 

RMS-20-L   3.500 8.  125 1.750 0,1562 15,920 12,630 
1 1 , 040 10,030 

RMS-20.5-L   3.750 8.250 
1.750 

0,1562 15,920 12,630 1 1 ; 040 10,030 

RMS-21-L   4 8.500 1 . 750 0.1562 17,000 13,540 
1 1 , 820 10,740 

RMS-21. 5-L   4.500 
8.750 

1.750 0.1562 17,060 13,540 
11,820 10,740 

Notu:  Bearing  diiirensioii  symbols  correspond  to  figures  on.  p.  417. 
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Tabuh  A1-23C. — Two-iiippED  Inch-type  Hoffmann  Precision 
RoLiiER  Bearings 

(From  Engineering  Data  of  the  Norma-Hoflfmann  Bearings  Corporation) 

Bearing  dimensions,  in.  j 
I   Load  in  pounds  at  speed  in  r.p.m. 

A B 
j 

C H 

[ 

500  i   1,000 

,   i 

I   ; 

1,500  !2,000|3,000 

1   1 
RLtS-LXf  Type  Light  Series 

BLS-15-LL     2 4 0.8125 0 . 0937 
2,300 

1,S30 
1   ,600 1,450 1,270 

IILS-16-LL   
2.250 4.500 0.875 0.0937 

3,010 
2,390 2   ,090  ;   1   ,900  1 .660 

RLS-17-LL     
2.500 5 0 . 9375 0.0937 

3,550 2,820 2   ,460 2 , 230 ;   1 . 950 

BLS-18-LL   2.750 5.250 
0.9375 0 . 0937 

3,790 3,010 
2   ,630 

2 , 390 
2,090 

IILS-19-LL   3 5.750 1 . 0625 

p . 0937 

4,670 
3,700 3,230 2,940 

HLS-19.5-LL.   3.250 6 1 . 0625 b . 0937 
4,980 3,950 

3,450 3 , 130 
BLS-20-LL   3.500 6.500 1 .   125 0.125 5,S10! 

4,610 
4,030 3 , 660 

BLS-20.5-LL   3.750 6.750 1.125 0.125 
6,190 

4,910 4   ,290 
3,900 BLS-21-LL   4 7.250 1.250 

0.125 

7,070 5,610 
4,900 

! 
4,460 
1 

RMS-LL  Type  Medium  Series 

BMS-15-LL   2 4.50 1 . 0625 0.0937 

4,770 3,790 3,310 3.000 2,620 
BMS-16-LL   

2.250 5 1.250 0.125 

5,500 4,370 3   ,810 
3,460 

3 , 030 
BMS-17-LL   

2.500 5 . 500 1.250 0.125 

6,500 
5,  160 

4,510 4,090 
3,580 BMS-18-LL   

2.750 6.25 1.375 
0 . 125 

8,580 
6,810 5   ,950 5,410 

BMS-19-LL   3 7 1 . 5625 0.1562 
10,810 8,580 

7,500 6,810 

BMS-19.5-LL     3.250 

!7.500 

1 . 5625 0.1562 11,260 

8,940 
7,Sl0i 7,090: 

BMS-19.75-LL   ! 
3.375 7.500 1 . 5625 0.1562 11,250 

8,940 

7 ,sio! 

7 ,090j 

BMS-20-LL   3.500 8. 125 1-750 0.1562 

13,660' 

10,830 
9   ,460 

8,600j 

BMS-20.5-LL   3.750 8.250 1.750 
0.1562 13,660 10,830 

9   ,460 

S,600j 

BMS-21-LL   4 
8.50 

i 

1.750 
0.1562 

14,780'
 

11,730 10 ,250 

;9 ,310j 

i   

Note;  Bearing  dimension  symbols  correspond  to  figures  on  page  417. 
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Table  A1-23D. — Extha-light  Inch-type  Hoffmann  Pbbcision 
Roller  Bearings 

(From  engineering  data  of  the  Norma-Hoffmann  Bearings  Corporation) 
RXLS  Type  Extra  Light  Series 

  k 

A 

Bearing  No. 

Bearing  dimension 

A B c 

RXLS-2   
2. 

3-3125 0.625 

RXLS-2,125.  ,   . 2.125 3.4375 0.625 

RXLS-2,25   2.25 3.5625 0.625 

RXLS-2.375.  .   . 2.375 3.75 0.6875 

RXLS-2. 5   
2.5 

3.875 0.6875 

RXLS-2.625 .   .   . 2.625 4.125 0.6875 

RXLS-2.75   
2,75 

4.  125 0.6875 

RXLS-2.875 .   .   . 2.875 4.5 0.75 

RXLS-3   3. 
4.5 0.75 

RXLS-3.125.  .   . 3.125 
4.75 0.75 

RXLS-3.25   3.25 
4.75 0.75 

RXLS-3.375 .   .   . 3.375 5. 0.75 

RXLS-3.5   3.5 
5. 

0.75 

RXLS-3.625 .   .   . 3.625 
5.25 

0.75  ' 
RXLS-3.75   3.75 5.25 

0.75  1 
RXLS-3.875 .   .   . 3.875 5.625 0.875  ( 
RXLS-4   4. 5.625 0.875  i 

Loads  in  pounds  at  speed 
’   m   r.p.m. 

H   500  1,000  1,5002,0003,000 

.   0625  1 , 320  1 , 050  915  830  725 

.   0625  1 , 470  1 , 160  1 , 020  925  805 

.0625  1,470  1,160  1,020  925  805 

.0625  1,570  1,250  1,090  990  865 

.0625  1,750  1,390  1,210  1,100  960 

.   0625  1 , 750  1 , 390  1 , 210  1 , 100  960 

.0625  1,920  1,520  1,330  1,210  1,060 

.09372,250  1,780  1,560  1,420  1,240 
.   0937  2,250  1 , 780  1 , 560  1 ,420  1 , 240 
.09372,250  1,780  1,560  1,420  1,240 
.0937  2,250  1,780  1,560  1,420  1,240 
.09372,450  1,950  1,700  1,540  1,350 
.   0937  2,450  1 , 950  1 , 700  1 , 540  1 , 350 
.0937  2,660  2,110  1,840  1,670  1,460 
.0937  2,660  2,110  1,840  1 ,670  1,460 
.   0937  3 , 210  2 , 550  2 , 230  2 , 020  1 , 770 
.   0937  3 ,210  2, 550  2 , 230  2 , 020  1 , 770 
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Table  Al-25. — Carburetor  Flanges,  Aircraft  Types. — (Continued) 
Table  a.  Four-  and  Eight-bolt  Flanges 

Nominal  size 

A B D F 

H* 

No. Diam. 

2 

13^ 
IHe 

2^16 

?'  S   2 

3 

IH 2Ui 
^3  2   1 

4 

IH 

2?4 
^3  2   1 

4M 

5 2 

2^1  6 

21>32 

Staa 11'32  1 

■iM 

6 

2H 
2K6 

2   >2 

3^4  6 

1732  i 
5>is 

7 

2H 
21^6 

2H 

37^6 

1   l-S  2   } 

53«j 

8 

2H 

3 

31  lie 

1732  i 

5^B 

9 3 

3He 
3^6 

4 

1.^32  i 

101 

3>i 
SKe 

SKe 

414 

l^'SZ  j 

j 

*   For  double-barrel  eight-bolt  flange  type  only. 

Table  b.  Single-barrel  Four-bolt  Flange 

Nominal  size 
.A 

B F B 

No. Diam. 

10 

3H 
SKe 

3?g 

1^-3  2 
27^ 

11 

3H 
31H6 

3M 

l?i2 

2H 

12 

3^ 31^6 

3^i 

13 4 

4^6 

4 
b?32 

2H 

Table  c.  Double-barrel  Four-bolt  Flange 

Nominal  size 

A B C 

i 

JO 

Tap 

F 
G 

No. Diam. 

4 

i?4 3V^ 
2He 

IH 

^3  2 

1-16-14 

^?32 

5 2 
27i6 

3?-s 

2Kc 

iH 

^32 

1-16-14 

1   ̂3  2 

6 

2J4 
2K6 3?  si 

21  He 
11-2 

^32 

7-16-14 

^»3  2 

7 

2h2 
2   Die 

4 
!   21^6 

l-^>3  2 

?32 

7i6-14 

1^32 

8 

21M6 

4?4 
33 i   6 12^32 

?'3  2 

7 16—14 

”32 
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Al-25. — Carburetor  Flanges,  Aircraft  Types. — {Continued) 

Table  d.  Double-barrel  Six-bolt  Flange 

Nominal  size 

A B C D E F G H 

No. Diam. 

7 

2}4 2iKo  , 
219X6 

219x:6 

6^-S 

319X6 

19^2 

Me 

2M 

8 
21^6  i 

3 

39X6 
7K6 

. 

19^2 

Me 

39^2 

9 3 

3916 3   Me 3   Me 

79X6 

4M 
19^2 

19^2 

39X6 

10 
3   l   6 3K6 

31K6 SHe 

4M 

19^3 

19^3 

39X6 

11 

3H 31K6 31  Me SKe 

49X 

19X12 

19^2 

319X6 

12 

3?4 319X6 
319X6 

49X6 
9K6 

4K 19^2 

19^2 

49'X  6 

Table  e.  Triple-barrel  Eigbt-bolt  Flange 

Nominal  size 

A B D E F 

No. Diam. 

3 

192 
119X6 119X6 

69^ 

29X 

9X2 

4 

19X 

1   119X6 

29X6 

79^ 

29X 

9X2 

5 2 

29X6 29X6 

8 

398 

19^2 

(Conforms  substantially  with  AN  Standard.) 
Aircraft  Engine  Divisioir  report  adopted  by  the  Society,  January,  1932. 

Table  Al-26. — Pesco  Fuel-pump  Characteristics 

(From  Pump  Engineering  Service  Corporation) 
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Table  Al-27.- -Tuejl-ptjivip  Mountings,  Aircb-aft-exgixe  Paj>s 
S.A.E.  Staadard 

(From  S.A.E.  Handbook ’0 

Gasret 

0.0J/“r7S‘jr->- 

OJISminfocerfrr. 
of rctcf.  in  piiof 

DD.c^s.haf^7c!>€ 

<^nrc*rttr.-c  Wirh 
sp!:ni  h://:..'?  C   904 foi!  hdiCLcror 

reotair'y min. 

    04(7  *n  00
5 

^-0.000 

*-Q4S8SfiD.   

  O.SOS’'   

/imvlufe  ioafh  form  ib  be 
irue  /nsicfe  ibis  cHom. 

Sp/ine  1) teeth  ̂ pifch 
SOlPressure  angk 

Harden  surface  of  spline 

RockivettC-SSmin. 

Fig.  1. — Square-type  pad. (Conforms  substantially  with  AN  Standard,  March, 
1939.) 

Fig.  2- — Old-type  pad  (August,  1928).  (Conforms  substantially  with  AN 
Standard,  January,  1937.) 

Report  of  Aeronautic  Division  adopted  by  the  Society,  August,  192S. 

Last  revision  by  Aircraft  Engine  Division,  January,  1940. 



428 AIRCRAFT  ENGINE  DESIGN 

Table  A 1-28. — Magisteto  Selection 

Note:  The  following  data  should  be  used  for  preliminary  selections  only, 

and  final  approval  of  the  selection  should  be  obtained  from  the  manufacturer 

prior  to  the  starting  of  constructionjof  the  engine. 

ISTumber  of 

cylinders 

Arrange-  ; 

ment 

Scintilla 

magneto 

type 

Ratio 

magneto 
to  engine 
speed  t 

Magneto 

rotation"^ 

Mounting 
flange 

4 
Opposed 

SF4R-8  , 1-1 Clockwise S.A.E.  2-bolt flanged  type 

4 In-line 
Sr4R-8 

1-1 Clockwise S.A.E.  2-bolt 
flanged  type 

5 Radial 
SP5L-8 

1.25-1 
Counter- clockwise 

S.A.E.  2-bolt flanged  type 

6 In-line 
SF6L-8 

1.5-1 Counter- clockwise 
S.A.E.  2— bolt 
flanged  type 

7 Radial 
SF7R-1 

0.875-1 

1   each S.A.E.  3-bolt 
flange  single 

type 

9 Radial  i SF9L-4 1 . 125-1 

1   each 
S.A.E.  3-bolt 
flange  single 

type 
14 2-row  ra- 

dial • 

SF14Lr-3 
0.875-1 

1   each S.A.E.  3-bolt 

flange  single 

type 

*   Viewed  from  the  drive  end. 

t   Magneto  drive  shafts  ghould  be  designed  to  transmit  >-2  hp. 
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Table  Al-29. — S.A.E.  Magxeto  MoxjNTiisrG-FiiAXGE  Data 

(From  S.A.E.  “Handbook”) 

TwO-bolt  flange,  single  type  (commercial  engines  to  and  including 
six  cylinders). 

replace  the  sJofs  when  ao(Jusicrb/e  drives  are  used. 

Three-bolt  flange,  single  type  (standard  flange  and  drive). 

[Conforms  substantially  with  current  AN  Standard  (January,  1941) 

except  bolt  slots  are  wider  so  studs  can  be  used  on  larger  size  engines, 

and  flange  thickness  is  larger  to  allow  a   standard  length  of  engine  studs.] 
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Tabke  a   1-30. — Aibcrapt-engine  Starters 

(From  Eclipse  Aviation.  Corporation) 

Note:  The  selection  should  be  confirmed  by  the  starter  manufacturer 

prior  to  final  approval  of  the  engine  Resign. 

Type Description 

Mounting 

flange 

Hand 

crank 

avail- 

able 

Weight, 
lb. 

Max. 

capac- 

ity, 

hp. 

Volt- 

age 

Inertia 

Series  6   Concentric,  hand  starter 

S.A.E. — Q" 

Yes 

400 
Series  6   Concentric,  hand  and  electric 

S.A.E. — 6" 

Yes 

30H 

400 

12 
Series  6. .   .   .   . Concentric,  hand  and  electric 

S.A.E. — 6" 

Yes 

30H 

400 

24 

Series  6   Concentric,  hand  with  integral 

booster  magneto 
S.A.E. — 6" 

Yes 

26H 

400 

Series  7   Vertical,  hand  starter 

S.A.E. — 6" 

Yes 
31 

GOO 

Series  7   Vertical,  hand  and  electric 

S.A.E. — 6" 

Yes 

39  K 

900 12 
Series  7   Vertical,  hand  and  electric 

S.A.E. — Q" 

Yes 

39  M 

900 
24 

Series  7A .   .   . Vertical,  hand  starter 

S.A.E. — 6^' 

Yes 

343^ 

1,000 Series  7A .   .   . Vertical,  hand  and  electric 

S.A.E. — 6" 

Yes 
43 

1,000 

12 

Series  7A  .   .   , Vertical,  hand  and  electric 

S.A.E. — 6" 

Yes 
43 

1,000 

24 

Series  11...  , Concentric,  hand  starter 

S.A.E. — G" 

Yes 

21 

900 

Series  11...  . Concentric,  hand  and  electric 

S.A.E. — 6" 

Yes 

34% 

900 12 
Series  11...  . Concentric,  band  rnd  electric 

S.A.E. — 6" 

Yes 

34% 

900 24 
Series  11...  . Concentric,  hand  with  integral 

booster  magneto 
S.A.E. — 6" 

Yes 

28% 

900 

Series  llA.  . Concentric,  hand  starter 

S.A.E. — 6" 

Yes 

25 

1,000 Series  11  A.  . Concentric,  hand  and  electric 

S.A.E. — 0" 

Yes 

38% 

1,000 

12 

Series  llA.  . Concentric,  hand  and  electric 

S.A.E. — 6" 

Yes 

38% 

1,000 
24 

Series  16.  .   .   . Concentric,  hand  starter 

S.A.E. — O'' 

Yes 

21 350 

Direct-cranking  Electric 

Y150   Vertical,  starter 

S.A.E. — 5" 
No 

16% 

150 
12 

ESO   Concentric,  starter 

S.A.E. — 5" 

No 

19 
250 

12 
E80   Concentric,  starter 

S..A.E. — 6" 
No 

19 250 

12 
F141   Concentric,  starter 

S.A.E. — 6" 

No 

24% 

400 
12 

El  60   Concentric,  starter 

S.A.E. — 6" 

Yes 

32% 

900 12 
E160   Concentric,  starter 

S.A.E. — 6" 

Yes 

32  % 

1 , 000 

24 

Hand-turning  Gear 

4H4   
4:1  ratio  H.T.G   1 

S.A.E. — 5" 

1   Yes 

115 

BH6   6:1  ratio  H.T.G   

S.A.E. — 6" 

Yes 

12 

250 

3HB6   6:1  ratio  H.T.G.  with  iirte- 

S.A.E. — 6" 

Yes 17 250 
gral  booster  magneto 

3HS   8:1  ratio  H.T.G   

S.A.E. — 6" 

Yes 
12 300 

3HB8   8:  1   ratio  H.T.G.  with  booster 

S.A.E. — 6" 

Yes 

17 300 
magneto 

3H1S   18:1  ratio  H.T.G. 

S.A.E. — 6" 

Yes 

17% 

300 

Combustion 

Type  I   Concentric-starter   

S.A.E. — 6" 

No 25 

550 
Type  II ...  . Concentric-starter   

S.A.E. — 6" 

No 

32 
1 , 250 
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Tabx.e  a   1-30. — Aircraft-engine  Starters. —   (Continued') 

Air  Injection 

Air-injection,  starter  installations  normally  require  the  following  component 
units: 

1.  Main-engine-driven  compressor  (weight  and  mounting  depends  upon 
make  of  engine  on  which  installed). 

2.  Air-storage  tank  (standard  sizes  of  tanks  6   in.  diameter  by  20  in.  long 
and  6   in.  diameter  by  26  in.  long). 

3.  Air-pressure  regulating  valve. 

4.  Air-pressure  release  valve. 

5.  Air-pressure  gage. 
6.  Primer. 

7.  Cylinder  injector  fittings  (one  furnished  for  each  cylinder). 

Notes  to  Air  Injection. — Item  1.  Compressor  will  differ  depending  upon,  the  make  of 
engine  on  which  it  is  to  be  installed. 

Item  2.  Air-storage  tank,  unless  otherwise  specified  is  furnished  in  the  6-  by  20-in,  size. 
Items  3   to  7   inclusive  are  normally  common  to  all  installations.  The  valves  covered  by 

items  3   and  4   are  furnished  assembled  in  a   fully  charged  tank  (item  2)  ready  for  installation 
and  use. 

Weight. — The  weight  of  the  air-injector  starting  equipment  installed  is 

approximately  32  lb.  for  a   single-motor  application,  this  weight  depending 

upon  the  peculiarities  of  each  installation  in  respect  to  tubing  and  fittings 

required,  tank  size,  etc. 

Capacity. — The  air-injector  starting  equipment  is  recommended  for  spark- 
ignition  engines  of  five  or  more  cylinders  and  rated  up  to  250  hp. 

Notes  to  Table. 

Mounting  Flanges. — See  Table  Al-31  for  dimensional  details  of  the  S.A.E. 

5   in.  and  S.A.E.  6   in.  diameter  engine-starter  mounting. 

Important. — All  cartridge  starters  incorporate  a   special  12-tooth  engaging 

jaw  requiring  a   similar  engaging  member  on  the  engine. 

Weights. — a.  All  weights  on  hand  and  electric  inertia  starters  include 
a   suitable  solenoid  relay  for  the  accelerating  motor,  which  is  mounted  on 

and  connected  electrically  to  the  starter. 

b.  The  weights  given  above  on  all  starters  do  not  include  the  required 

hand  crank  and  cranking  extension  which  unless  otherwise  specified  are 

furnished  with  all  starters  providing  manual  operation. 

c.  Weights  on  all  electrically  operated  starters  do  not  include  shielding. 

d.  Weights  listed  under  CJombustioii  starters  include  all  component  parts 

with  standard  lengths  of  intake  and  exhaust  tubings  with  fittings. 

Capacity. — The  maximum,  engine  horsepower  for  which  any  type  starter 
is  recommended  is  approximate  and  based  upon  an  average  installation  on  a 

four-cycle  spark-ignition  engine  of  conventional  design,  operating  under 

normal  conditions.  Factors  other  than  horsepower  ratings  must  be  con- 

sidered in  selecting  the  proper  capacity  or  type  starter  for  a   particular 

engine.  It  is  therefore  recommended  that  unless  relial>le  data  are  available, 

and  for  initial  installations,  that  the  manufacturer  be  consulted  so  that  an 

analysis  of  the  requirements  can  be  made  and  definite  recommendations 
submitted. 
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Table  Al-30. — Aircraft-engine  Starters. — {Continued) 

Voltage. — a.  All  electrically  operated  starters  can  be  furnislied  either 

grounded  or  ungrounded  and  shielded  or  unshielded.  Unless  otherwise 

specified,  electrically  operated  starters  are  furnished  as  grounded  unshielded 

units.  The  application  of  shielding  to  the  various  type  starters  listed  above 

will  increase  the  listed  weights  as  follows: 

Grounded Ungrounded 

Inertia   

Direct-cranking  electric   

Mlb. 

Ke  Ih- 
He  lb. 

H   lb. 
h.  The  firing-control  switch  of  the  combustion  starters  and  the  electric 

connection  at  the  loading  breech  incorporates  threaded  shielding  outlets. 

c.  Integral  booster  magnetos  furnished  on  series  6   and  series  11  inertia 

starters  incorporate  threaded  shielding  at  the  electrical  outlets. 
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Table  Al-32. — Single-voltage  GENEJaATORS 

(From  Eclipse  Aviation  Corporation) 

Note;  The  selection  should  be  confirmed  by  the  generator  manufacturer 

prior  to  final  approval  of  the  engine  design. Itatings 

Type Volts 

Am- 
peres 

Watts 

Weight, 
lb. 

Mounting 

pad 

AL-1  (3d  brush)     

15 
15 

225 

174^ 

4-bolt  type 

G   
15 

15 

225 

15M 

4-bolt  type 

D   15 
25 

375 

21M 

4-bolt  type 

E   

15 

50 
750 

314^ 

4-bolt  type 

DG-4     30 

10 

300 

21 

E   30 

20 

600 

3134 

i   4-bolt  type 

Permanent  mount  control  box  (3  unit  for  15-  or  30-volt  operation).  44^  lb. 

Permanent  mount  control  box  (2  unit  for  15-volt  operation)     24^  lb. 
Permanent  mount  control  box  (2  unit  for  3d  brush,  generator)     2   lb. 

Quick  detachable  control  box  (3  unit  for  15-  or  30-volt  operation)  . .   5   lb. 

Control  panel  (2  unit  for  15-volt  operation)     3   lb. 

FB-5  filter  unit  (for  15-  or  30-volt  operation)     4   lb. 

Note:  The  preceding  rated  outputs  are  obtained  at  a   generator  speed  of 

2,250  to  4,200  r.p.m.’  A   minimum  speed  of  2,250  r.p.m.  is  readily  obtainable 
at  cruising  speed  from  the  generator  drives  of  all  standard  types  of  air- 

craft engines,  as  the  gearing  to  the  drive  shaft  is  normally  at  a   ratio  of 

14^  times  engine  speed.  The  ratings  given  as  15  and  30  volts  are  the  values 

required  for  operating  with  12-  and  24- volt  battery  systems,  respectively. 
The  foregoing  weights  include  shielded  terminal  covers  which  are  standard  on 

all  generators,  control  boxes,  and  filter  unit.  The  covers  are  threaded 

for  the  attachment  of  metallic  conduit  for  radio  shielding. 

Aircraft  Generator  Mountings  S.A.E.  Standard  (Proni  S.A.E.  “Handbook”) 
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Table  Al-33. — Tachometer  Drive,  Aircraft 
S.A.E.  Standard 

(From  S.A.E.  **  Handbook '0 
Drive  for  IMechanical  Types 

Hole  must- run  concentric  ,   t/'/nln,  OJW' 
withRD.ofthd.  wlfhinOOIO-r-'^ .aOAf^O- 
fjH  indicafor  reading-^,    0.040“tc.oes-  ̂  

-Ji:   2 

(I07r'*aoos  Drill  h^-ISS.A.E.  Sid.  ̂Cl  3 
(a  terj  pd.  asjS9''t^sSfS 

Muj.D.  0.8750-t%fo^2 

Engine  connection. 

\*—-SeeNote''A''  —
 

Hole  A -it/forShcrffs  up  to  3   ft.  hng 

(L~3)ibr  Shafts  3   ff.anct  longer 

-BoreaSl2SNi^ Depth  , 

7dpk-HSSA.£.SM^Cl.J 

PD^as389''tSS§lt 

Csk:90:^'‘*Jtolh. Engine  end  of  drive  shaft. 

i-3s-2  1222222^  -*1  V~-aid75'’to.oo2 

I   'sore  a3/3S''tiSSi ^   ‘^Uln  Depth 

Tap  N-I3S.A.E.  Sid.  ̂ C13 p.aa6S39"t°o.^i1, 
Csk:  90 1   dla. 

Tachometer  end  of  drive  shaft. 

H   7hd.%-/8S.A£. 

A^noo^SM.^Cl.3 
—   po.asje?" 

.   I   7   *ac?ooo 

5   rizm  _1_  -0.003* 

Tachometer  connection.. 

%oos  Aa28riP.  0t5D0’\^^ .   „ Drill  N0.5L 

tpiK7") 
"'N.  '   i'-?37hris.  J 

A   Studs  §§ 

OSOO" 

'{2677^ — i*‘0.l2S  mtP. 

t-OJSfil  t^a/ZS’hf/n. 
^.Oi!  sea!  fobeprovlcfeet F.'  around  sha  ft. 

Type  of  seal  cphortaJ /Tardiness 

7   ;   Hodavell  C-JZ/nlrr. 

  Hole-DriirF“  T   * 

^Wsnaoos  >   "Th/s  dig •y  Chamfer  y.-YZan  square  m 

V~0.2SO"io.oo2  aOZO'xAS”  /'-A-easkef 
square  jhese  diaw.musf  be  O.03rmax. 

concentric  with  each 

other  mthin  0.004" full indicator  reading 

Drive  for  Electrical  Types 

LB-  -   Type  of  plug  and  rrrethod 
of  refa/mng  optional 

'   This  diam.  must  be  concentric  mfh 

square  mthin  0.004" full Indkaior reading 

Note:  Tachometer  drives  to  rotate  at  half  engine-crankshaft  speed. 

Report  of  the  Aeronautic  Division  adopted  by  the  Society,  ]March,  1918. 

East  revision  by  the  Aircraft  Engine  Division,  January,  1939. 

^   S.A.E.  Special  Pitch  thread,  Class  3. 
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10  60  90  100  no  120  130  140  150  160  170  ISO  190  200  210 

Cruising  speed,  m.p.  h. 

Fig.  Al-1. — Wing-loading  data  for  54  American  airplanes. 

R.p.  m.4-  r.p.m.cut  max. b.hp.,  per  cent 

(For  engines  recited  cut  I800'-2300  r.p.m.) 
Fig.  Al-2. — Mechanical  efficiencies  at  full  throttle,  [(a)  Ricardo,  High  Speed 

Internal  Combustion  Engines,  p.  275;  (6)  Marks,  The  Airplane  Engine,  p.  24 
(^Liberty  12) ;   (c)  Judge,  Automobile  and  Aircraft  Engines,  p.  410.] 

Fig.  Al-3. — Reciprocating-weight— cylinder-displacement  data  for  25  airplane 
engines. 
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20  30  40  50  60  70  80  90  lOO  UO  120  130  140  ISO  160  170  180 
Brake  horsepower 

2   3   4   5   6   7   8   9 

Brake  horsepower  In  hundreds 

Fig.  Al-6. — S.A.E.  propeller-shaft  sizes  vs.  rated  brake  horsepower. 
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Table  A2-1. — Correlation  of  Numbering  Systems  for  Aluminum 

AND  AIagnesium  Alloys 

(From  Product  Enghieerijig,  November  1940,  and  ‘'Aluminum  in  Aircraft/’ 
1941) 

Alloy  trade 

designation 
Federal 

Army 
Navy 

S.A.E. 
A.S.T.M. 

Aluminum  Rolled  Sheet  (for  Baffles,  Cowling,  Etc.) 

17S 

QQ-A-353 

F   ederal 47A3e 

26 

B78-36T 

24S 

QQ-A-355 
Federal 47A10 24 

Aluminum  Sand  Castings  (for  Cylinder  Heads,  Crankcases,  Etc,) 

142 

QQ-A-601 
AN-QQ-A-379 AN-QQ-A-379 

39 B26-37T 

355 
QQ-A-601 

AN-QQ-A-376 AN-QQ-A-376 
322 B26-37T 

A355 
QQ-A-601 

Federal M212a 

(8-24-34) 
195 

QQ-A-601 
AN-QQ-A-390 AN-QQ-A-390 38 B26-37T 

Aluminum  Permanent-mold  Castings  (for  Pistons,  Rocker  Box  Covers,  Etc.) 

122 

A132 

355 

QQ-A-596 

QQ-A-596 

QQ-A-596 

AN-QQ-A-386 

46A15 

AN-QQ-A-3S6 
46A15 

34 

321 322 

B10S-38T 
B108-38T 

Alumintim  Forgings  (for  Pistons,  Crankcases,  Connecting  Rods, 
Impellers,  Etc.) 

14S 

QQ-A-367a 
Federal 46A7b 

18S 

QQ-A-307a 
F   ederal 4GA7b 

25S 
QQ-A-3f)7a 

F   ederal 46A7b 27 

32S 
QQ-A-367a 

Federal 46A7b 

A51S 
QQ-A-3G7a 

Federal 
46A7b 

280 

Magnesium  Sand-  and  Permanent-mold  Castings 

For  (AM  240)  Cover  Plates,  Valve  Covers 

(AM  200)  Accessory  Drive  Housings 

(AM  2G5)  Crankcases 

AM240  or  G 

1 

BS0-36T AM260 

M-112g 

AM265  or  H 57-74-1 C 

(3-15-40) 
M-U2g 

(3-15-40) B80-36T 

Note:  See  references  for  other  alloys. 
440 
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Table  A2-2. — Nominal  Composition  of  Altjminl^m  and 

Magnesium  Alloys'*' 

(From  "‘Alcoa  Aluminum  and  Its  alloys,”  and  “Mazlo  Magnesium  Alloys”) 

Alloy 

desig- 
nation 

Per  cent  of  alloying  elements,  aluminum  and  normal 

impurities  constitute  the  remainder 

Copper Iron Silicon 
Chro- mium I 

i 
Mag- 

nesiuin  | 
Nickel 

1   Manga- 

nese 

Aluminum  Sand-casting  Alloys 

142 4.0 
1 . 5 2.0 

195 4.0 355  1 
1.3 

5,0  j 

0.5 
A355  1 1.4 5.0 0.  o 

0.8 

Aluminum  Permanent-mold-easting  Alloys 

122 10.0 
1.2 1   0.2 

A132 

0.8  1 
0,8 12.0 1.0 

2.5 

355 
1-3  1 

5.0 
1   0.5 

Aluminum  Wrought  Alloys 

14S 4.4 
0.8 

0.4 

O.S 

17S 4.0 
0.5 

0.5 

18S 4.0 0 . 5 

2.0 

24S 4.5 1.0 
0.6 

258 4 . 5 0.8 O.S 

32S 0.9 12.5 1   .0 

0.9  ; 

A51S 1   .... 
1.0 0.25 :   0.6 i 

! 

Alloy 

designa- 
tion 

Per  cent  of  alloying  eoristitueiits,  magnesium  constitutes 

the  remainder 

Aluminum JManga- 

1 

Zinc vSilicoii 

1   Total 

nese 

1   impuri
ties 

Magnesium  Sand-  and  Permanent-niold-easting  Alloys 

AM240 
9.0.  -11.0 0.10  min . 0.3  max. 0 . 5   max. I   0.3  max. 

AM260 
8.75-  9.25 0.10  mill. l.S-2.2 0 . 3   max. 0 . 3   max. 

AM265 5.3  -   6.7  i 0.15  min. 2. 5-3-5 0 . 5   max. 0.3  max. 

*   Heat-tre:itnat*nt  sv'nibols  have  been  omitted  since  composition  does  nut  var.\'  for  different 
heat-treatment  practices. 
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T^vblb  A2-3. — Physical  Constants  of  Aluminum  and 

Magnesium  Alloys 

(From  Alcoa  Aluminum  and  Its  Alloys/'  and  '‘^Mazlo  Magnesium  Alloys") 

Alloy 

designa- 
tion 

Thermal* 
Density, 

eonduc- 
lb.  per 

tivity 

cu-  in. 
at  100°C.,  - 

c.g.s.  units 

Average  coefficients  of  thermal 

expansion  per  deg.  F. 

68-212“F. 68-392°F. 68-672°F. 

Aluminum  Sand-casting  Alloys 142  1 

0.099 0.35 0.0000125 0.0000130 0.0000136 

195 0.100 0.34 0.0000127 
0.0000133 0.0000138 

355  1 0 . 097 0.33 0.0000122 0.0000127 0.0000133 

A355 0.098 0.31 0.0000119 0.0000125 0.0000130 

Aluminum  Permanent-mold-casting  Alloys 

122 0.103 0.31 0.0000122 0.0000127 0 . 0000130 

A132 0.097 

0.0000105  1 

0.0000111 0.0000116 

355 0.097 0.33 0.0000122 0.0000127 0.0000133 

Aluminum  Wrought  Alloys 

14S 
0.101 

0.37 
0.0000122 0.0000130 0.0000138 

17S 
0.101 0.28 0.0000122 0.0000130 0.0000138 

18S 0.101 0.37 
0.0000122 0.0000130 0.0000138 

24S 0.100 0.28 0.0000122 0.0000130 0.0000138 

25S 
0.101 

0.37 
0.0000122 0.0000130 0.0000138 

32S 0.097 0.32 0.0000108 0.0000114 0.0000119 

A51S 0.097 0.41 0.0000130 0.0000136 0.0000141 

Magnesium  Sand  and  Permanent-mold  Castings 

AM240 0.066 0.17 Mean  coefficient of  thermal 

ex- 

AM260 
pansion  (65  to 

750“F.)  per 

deg. 

AM265 0.066 0.18 

approx. 

F.  =   0.000016  for 
alloys these  magnesium 

*   For  aluminum  alloys  in  the  heat-treated  condition. 
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Ta-Ble  A2-4. — Mechanical  Properties  of  Alemixlm  axd 
Magnesium  Alloys ^ 

(From  Alcoa  Aluminum  and  Its  Alloys’’  and  “jMazlo  -Magnesium  Alloys”) 

Alloy 

designation  ; 

Min.  values 

for  specs. Typical  values  (not  guaranteed) 

Tension  2 Tension* 
Com- 

pres- sion^ 

Fa- 

i   tigue“ 

1   Den-
 

I   sity 

1 

Ul
ti
ma
te
  s

tr
en
gt
h,
 

lb
. 
 p
er
  s
q.
  in
. El

on
ga
ti
on
, 
 

%
  
 i
n 

2  
 
in
. 

Yi
el
d 
 

st
re
ng
th
 

(s
et
  

=  
 

0.
2%
),
 

lb
. 
 p
er
  s
q.
  in
. 

Ul
ti
ma
te
  s

tr
en
gt
h,
 

lb
. 
 p
er
  s
q,
  in
. 

El
on
ga
ti
on
, 

%
  
 
in
  2  
 
in
. 

cci  ̂  

go  ac 

«   11  S: 

-o  ~ 

P‘
 

CXJsS 

i   ̂    2   S 

1   — 

— ^   s 
;   -So  o 

JS  l   : 
"Sc  .   :   •=  . 

£.S  i   -S.S !   Ic  C*  1   £   O 

:   hC  =*=  = 

!   .e  ̂    j   2 

Lb
. 
 pe

r 
 cu
. 
 in
. 

Aluminum.  Sand-casting  Alloys 

142-T61 32 . 000 
* 

32 , 000 
37,000 

0.5 
47,000 100 32 , 000 

!   S.OOOj  0.099 
195-T6 32,000 

3.0 
22,000 36 , 000 5.0 25,000 SO 30,000 

6,500|  0.  100 
355-T6 32,000 

2.0 25 , 000 35 , 000 3.5 29,000 

SO 

30 , 000 S,500  |   0.097 
A355-T51 25,000 

< 
24 , 000 

28,000 1.5 
24 , 000 

65 22 , 000 8,500,  0.099 

Aluminum  Permanent-m old-casting  -Alloj's 

122-T551 
30,000 

4 
35,000 37,000 0.0 40.000 115 27,000 

; 

8,500;  0.104 

A132-T551 31,000 
4 

28 , 000 36 , 000 
0.5 

30,000 
105 24 , 000 

355-T6 37,000 1,5 
26,000 43 , 000 

4.0 
26 . OOO 90 30,000   i   0.097 

Magnesium  Sand-  and  Permanent-mold-casting  Alloj's 

AM240-T4 29,000 
6,0 12,000 35 . 000 9.0 

52  |20.000 
1   1 

111 ,000! 0 . 066 

AM240-T6 29 , 000 
2.0 16,000 35 , 000 4.0 60  21,000 

S.OOOj 

AM260-T4 30 , 000 6.0 14,000 39 , 000 10.0 63  120.000 

9,000- 

AM265-T4 30,000 6.0 12,000 37,000 

9.0 

51  1   IS, 000 

11,000; 

0 . 066 

Aluminum  Forging  Alloys®'^ 

14S-T 65,000 10.0 
50,000 

130 45,000 16,0001  0.101 

17S-T 55,000 
16.0 

30,000 
100 36 , 000 15,000;  0.101 

in  r> .3.5  ono 100 14,. 500  0.103 

25S-T 55,000 
16.0 

30,000 
100 35 . 000 15,000  0.101 

32S-T 
52 , 000 5.0 40 , 000 

115 
3S . 000 14,000'  0.097 

A51S-T 44 , OOO 
14.0 

34 , 000 

90 

32,000 10.500;  0.097 

1   See  references  for  additional  data. 

"   Tension  and  hardness  values  determined  from  st|?,ndard  .l-i-ni-  diameter  test  specimens. 

3   Results  of  tests  on- specimens  having  an  L./R  ratio  of  12. 

4   Not  specified.  The  error  in  determining  low  elongations  is  comparable  with  the  value 

being  measured. 

®   Endurance  limits  are  based  on  500,000,000  reversals. 

®   Properties  for  aluminum  forging  alloys  apply  to  forgings  up  to  4   in.  in  diameter  or 

thickness.  Long  axis  of  test  specimens  taken  parallel  to  direction  of  grain  flow. 

^   Yield  and  hardness  data  on  aluminum  forging  alloys  are  minimum  specification  values. 

Modulus  of  elasticity  for  aluminum  alloys,  10,300,000  lb.  per  sq.  in. 

Modulus  of  elasticity  for  magnesium  alloys,  6,500,000  lb.  per  sq.  in. 
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Table  A2-5. — Typical  Tensile  Properties  op  Aluminum  and 

iVlAGNEsixjM  Alloys  at  Elevated  Temperatures 

(From  “   Alcoa  Aluminum  and  Its  Alloys”  and  “   Mazlo  Alagnesium  Alloys”) 

Sand-easting Sand-casting Sand-easting 
Sand-casting 

alloy 
alloy alloy 

alloy 

No.  142-T61 No.  195-T6 No.  355-T6 No.  A355-T61 

Temp., 

deg.  F. 

Elonga- 
1 

Elonga- Elonga- 
Elonga- Strength, 

tion,  % Strength, 

tion,  % 

Strength 

tion,  % 

Strength, 

tion,  % 

lb.  per  sq.  in. in  2   in. lb.  per  sq.  in. in  2   in. 

1 

lb.  per  sq.  in. in  2   in. lb.  per  sq.  in. 
in  2   in. 

Yield 

Ten- 
sile 

Yield 

Ten- 

sile 

Yield 

Ten- 

sile Yield 

Ten- 

sile 

75 32,000 37,000 
0.5 22,000 36,000 5.0 

25,000 35,000 

3.5 

24,000 
28,000 

1.5  . 
300 28,000 30,000 0.5 13,000 24,000 

9.0 

25,000 30,000 

3.0 

20,000 

24,000 

1.5 
400 

25,000 27,000 

1.0 

9,000 15,000 
20.0 

9,000 
13,000 1?.0 11,000 16,000 

3.5 

600 5,000 
12,000 9.0 

6,000 9,500 

25.0 
5,000 

8,000 

22.0 

5,000 8,000 IS.O 600 
3,500 7,500 

10.0 
3,000 4,000 

SO.O 
3,500 

6,000 

30.0 

4,500 
7,000 

16.0 

Permanent-mold-cast- Permanent-mold-cast- Permanent-mold-cast- Wrought  . 

ing  alloy  No.  122-T551 ing  alloy  No.  A132-T551 ing  alloy  No.  355-T6 alloy  No.  17S-T 

75 

35,000 37,000 0.0 28,000 36,000 0.5 

26,000^ 

43,000 

.   4.0 

|40,000 

62,000 

20 

300 29,000 33,000 
0.0 22,000 31,000 1.0 

25,000j 

31,000 

3,0 

34,000 
40,000 

16 

400 20,000 26,000 
1.0 13,500 23,000 

2.0 
9,000 12,000 

20.0 
21,000 26,000 

25 

500 12,600 
IS.OOOj 3.0 

9,500 

17,500 
2.0 

6,000 
8,000 

25.0 

9,500 

13,000 

35 

600 6,000 10 , 000 
10.0 

5,000 

11,000 
S.O 

3,000 
4,500 50.0 

3,500 
5,500 

90 

Wrought  1 
Wrought  1 

Wrought  1 
Wrought 

alloy  No.  24S-T  | I   alloy  No.  14S-T  j 

alloy  No.  18S-T  | 

alloy  No.  25S-T 

75  . 45,000 68,000 

22 

55,000 70,000 14 47,000 
63,000 

17 35,000 57,000 

18 

300 35,000 42,000 21 39,000 43,000 

14 

44,000 49,000 

10 

28,000 
35,000 

14 

400 
23,000 28,000 

14,000 

25 
13,000 17 ,000 

2S 

13,500 

4,500 

19,000 

6,500 

24 

500 10,000 40 
8,500 

10,500 32 
7,000 

11,000 32 

45 

600 6,000 7,500 

65 
4,500 6,000 

45 
4.000 

3.000 

4.500 
3.500 

50 

700 
3,500 4,000 

55 

2,500 4,000 S5 

55 

! 

Wrought 

alloy  No.  32S-T 

Wrought 

alloy  No.  ASlS-T 

Sand-  and  permanont- 
mold-casting  alloy 

No.  AM240-T4 

Sand-  and  permaneiit- mold-casting  alloy 

No.  AM265-T4 

75, 46,000 56,000 S 40,000 47,000 

20 

13,700 32.000 
8.2 13 , 600 36,200 

! 

8,5 
300 

33,000 39,000 9 15,000 

5,500 

19,000 

7,500 

28 

23,300 9.0 22,400 

14,600 

9,800 

33  2 
400 11,000 16,000 

34 
58 

35  5 

500 6,500 8,500 4,500 5.500 
4.500 

59 
12,500 22.5 28. 0 

600 3,600 
6,000 

60 
3,500 

60 

700 
2,000 3,500 

120 
3,000 3,500 

I 

65 
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Tabi^b  A2-6. — S.A.E.  Steel  N   U.MBERIXG  SYCjTEM 
S.A.E.  Standard 

(From  S.A.E.  ^‘Handbook '0 
Compositions  that  do  not  conform  to  the  S.-\.E.  compositions,  or  that 

are  not  included  in  the  S.A.E.  Standard,  should  not  bear  the  prefix  ‘"S.A.E.’' 
(Note:  For  detailed  data  on  chemical  composition,  grain-size  charts, 

heat-treatments,  hardness  tests,  magnaflux  data,  physical  properties,  etc., 

see  Steel  Specifications  in  S..4.E.  “Handbook.”) 

A   numeral  index  system  is  used  to  identify  the  compositions  of  the  S.A.E. 

steels,  which  makes  it  possible  to  use  numerals  on  shop  drawings  and  blue- 

prints that  are  partly  descriptive  of  the  composition  of  material  covered 

by  such  numbers.  The  first  digit  indicates  the  type  to  which  the  steel 

belongs;  thus  “1-”  indicates  a   carbon  steel;  “2-”  a   nickel  steel  and  “3-” 
a   nickel  chromium  steel.  In  the  case  of  the  simple  alloy  steels,  the  second 

digit  generally  indicates  the  approximate  percentage  of  the  predominant 

alloying  element.  Usually  the  last  two  or  three  digits  indicate  the  average 

carbon  content  in  “points”  or  hundredths  of  1   per  cent.  Thus  “2340” 
indicates  a   nickel  steel  of  approximately  3   per  cent  nickel  (3.25  to  3.75)  and 

0.40  per  cent  carbon  (0.35  to  0.45). 

In  some  instances,  in  order  to  avoid  confusion  it  has  been  found  necessary 

to  depart  from  this  system  of  identifying  the  approximate  alloy  composition 

of  a   steel  by  varying  the  second  and  third  digits  of  the  number.  An  instance 

of  such  departure  is  the  steel  numbers  selected  for  several  of  the  corrosion- 

and  heat-resisting  alloys. 

The  basic  numerals  for  the  various  types  of  S..4.E.  steel  are  as  follows : 

Numerals 

Type  of  Steel  (and  Digits.) 

Carbon  steels     Ixxx 

Plain  carbon     lOxx 

Free  cutting,  (screw  stock)     1   Ixx 

Free  cutting,  manganese     X13xx* 

Manganese     13xx 

Nickel  steels     2xxx 

3.50  per  cent  nickel     23xx 

5.00  per  cent  nickel     25xx 

Nickel  chromium  steels   :     3xxx 

1.25  per  cent  nickel,  0.60  per  cent  chromium     31xx 

1.75  per  cent  nickel,  1.00  per  cent  chromium     32xx 

3.50  per  cent  nickel,  1.50  per  cent  chromium     33xx 

3.00  per  cent  nickel,  0.80  per  cent  chromium     34xx 

Corrosion  and  heat-resisting  steels     30xxx 

***  The  prefix  “X'’  is  used  in  numerous  instances  tt.)  denote  variations  in  the  range  of 
elements. 

Report  on  Iron  and  Steel  Division  adopted  JanuaEy,  1912.  Last  revision  January,  1941. 
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Table  A2-6. — S.A.E.  Steel  Numbering  System. — {Continued) 

IMolybdeiium  steels     4xxx 

Chromium         41xx 

Chromium-nickel     43xx 

Nickel       46xx  and  48xx 

Chromium  steels     5xxx 

Low-chromium     5   Ixx 

Medium-chromium     52xxx 

Corrosion-  and  heat-resisting     51xxx 

Chromium- vanadium  steels     6xxx 

Silicon-manganese  steels     9xxx 

Table  A2-7. — Main  anb  Connecting-rob  Bearings 
S.A.E.  Standard 

(From  S.A.E.  ‘^Handbook”) 

During  the  past  few  years,  new  materials  for  high-duty  bearings  have  been 

developed  \vhich  it  is  believed  are  now  sufficiently  stabilized  for  standardiza- 

tion, Accordingly,  the  previous  specifications  have  been  revised,  new  ones 

added,  and  all  grouped  under  the  heading  main  and  connecting-rod  bearings. 

The  choice  of  the  material  to  use  for  main  and  connecting-rod  bearings 

depends  upon  a   number  of  factors.  The  resistance  to  fatigue  of  bearing 

materials  depends  to  a   great  extent  upon  the  design  of  the  bearing,  the 

strength  and  rigidity  of  the  supporting  structure,  the  thickness  of  the  back- 

ing metal  (steel  or  bronze),  the  thickness  of  the  bearing  material,  and  the 

physical  properties  of  the  bond  between  the  bearing  material  and  the  back- 

ing. The  resistance  to  corrosion  depends  upon  the  chemical  composition 

and  characteristics  of  both  lubricant  and  bearing  alloy  and  upon  tempera- 
ture and  other  operating  conditions. 

The  S.A.E.  tin-  and  lead-base  babbitts  have  nonscoring  and  nonwearing 
properties  and  are  resistant  to  corrosion  from  organic  acidity  of  the  type 

normal  to  lubricating  oil,  but  they  are  low  in  resistance  to  fatigue.  •   Copper- 
lead  bearings  are  inferior  to  tin-  and  lead-base  babbitts  in  nonscoring  but 

they  are  greatly  superior  in  resistance  to  fatigue.  Cadmium  bearings  may 

approach  the  tin-  or  lead-base  babbitts  in  nonscoring  and  the  copper-lead 
bearings  in  resistance  to  fatigue,  depending  upon  design  and  operating 
conditions.  However,  the  S.A.E.  copper-lead  and  the  S.A.E.  cadmium 

bearings  may  corrode  if  operated  at  sufficiently  high  temperatures  using 
lubricants  containing  animal  or  vegetable  oil  additions  or  using  mineral  oils 

which  develop  acidic  compounds  on  oxidation.  Numerous  satisfactory 

applications  of  these  two  alloys  are  made  in  cases  where  such  acidity  is  not 
present  and  does  not  develop  in  service. 

Many  other  alloys  are  sometimes  used  for  main  and  connecting-rod  bear- 
depending  upon  design  and  operating  conditions.  Heference  should 

be  made  to  the  S.A.E.  brass,  bronze  and  copper-alloy  specifications  for  data 
in  regard  to  the  composition  and  properties  of  these  other  bearing  materials. 
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Table  A2-7. — Main  and  Connecting-rod  Bearings. — {Continued) 

The  analysis  of  finished  bearings  shall  be  made  from  a   sample  taken 

between  the  bearing  surface  and  a   point  midway  between  the  bearing  sur- 
face and  the  bonding  material. 

Babbitt  IMetals 

Composition 

in  percentage 

S.A.E.  10 S.A.E.  110 S.A.E.  11 S.A.E.  13 
S.A.E.  14 

Bear- 

ing 

Ingot 
Bear- 

ing 

Ingot 

Bear- 

ing 

Ingot 

Bear- 

ing 

Ingot 

Bear- 

ing 

Ingot 

Tin,  min   90.0 90.75 87.75 
89.0 

86.0 
87.25 

4.5- 

4.75- 9.25- 
9.75- 

5 . 5 5.25 
10.75 10.25 

Antimony   

4.0- 
4.25- 

7.0- 

7.25- 

6.0- 
6.5- 

9.75- 9.75- 
14.0- 

14.75- 

5.0 4.75 8.5 
8.25 

7.5 

7.0 
10.75 

10.25 
16.0 

15.25 

Lead,  max   

0.35* 

0.35 

0.35* 

0.35 
0.35 0.35 

86.0 
85.0 

76.0 
75.25 

Copper,  max.  . . 

4.0- 4.25- 2.25- 

2.5- 5.  0— 
5.5— 

0.50 0.50 0.50 0.50 

5.0 4.75 3.75 3.5 
6 .   o 6.0 

Iron,  max   0.08 0.08 0.08 0.08 
0.08 

0.08 

Arsenic,  max . . . 0.10 0.10 0.10 0. 10 0.10 0. 10 0.60 0.60 
0.60 

0.60 Bismuth,  max.  . 0.08 0.08 0.08 0.08 0.08 
0.08 

Zinc  and  alumi- 
num  None 

None None None None None None 
None 

None 
None 

*   A   maximum  of  0.60  per  cent  lead  is  permissible  in  finished-steel  or  bronze-backed  bear- 

ings provided  a   lead-tin  solder  has  been  used  in  bonding  the  bearing  material  to  the  backing 
metal. 

Typical  compositions  of  a   rolled-bronze  split  bushing  and  a   composite 

cast  alloy  on  a   steel  back  are  as  follows: 

Composition  in  percentage 

S.A.E.  791 

rolled  or 
wrought 

i 

S.A.E.  792 
cast  lining 

Copper   S6.0  -88. 0 78.0-82.0 

Tin."   .*   
3.50™  4.50 9.0-11.0 

Zinc   3.00-  5.00 
Lead    3.50-  4.50 9.0-11.0 

Iron,  max   0.10 
a.  30 

Phosphorus,  max .       

1 

0.01 

Other  impurities,  max   0.20 
0.30 

S.A.E.  791  is  a   rolled  split-bushing  alloy  and  is  similar  in  many  of  its 

properties  to  the  cast  alloy  S.A.E.  40. 
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Table  A2~7. — Main  and  Cdnnbcting-kod  Beabings. — (Continued) 

S.A.E.  792  is  the  cast-bronze  liner  for  a   rolled  split  bushing  made  with  a 

steel  backing,  usually  S.A.E.  1010  or  S.A.E.  1015.  This  bronze  is  similar 

in  many  of  its  properties  to  the  cast  alloy  S.A.E.  64. 

Gr.aphite  Bronze  and  Sintered  Alloy  Bearings 

General  Information 

Graphite  bronze  bearings  may,_  in  some  installations,  replace  cast  or 

wrought  bearings.  One  type  is  a   split  bushing  with  indentations  rolled 

into  its  inner  surface  w'hich,  in  the  case  of  graphite  bearings,  are  filled  under 
pressure  with  graphite  paste.  Four  alloys  are  in  general  use  as  follows: 

Composition  in 

percentage 

Alloys 

A 
...  - 

C D 

Copper   89.0  -91.0 Remainder 65.5-68.5 Remainder 

Tin   0.25-  0.75 
3.5  -4.5 4.0  -6.0 

Lead   j 3.5  -4.5 3.5-  4.5 0 . 75-1  -   25 
Zinc   Remainder 3-25-4.75 Remainder 0.35  max. 

Iron,  ma.x   0. 10 0.10 0.10 
0.05 

Other  impurities,  max. 0.20 0.20 0.20 

The  temper  of  the  wrought  strip  metal  used  for  these  bushings  is  usually 

1   to  3   Brown  and  Sharpe  gage  numbers  hard,  depending  on  the  hardness 

specified  by  the  purchaser. 

The  minimum  Rockwell  hardness  of  the  finished  bushing  is  95  for  alloy  A, 

90  for  alloy  B,  and  80  for  alloy  C   on  the  B   scale,  using  a   M~in.  diameter 

ball  and  lOO-kg.  load. 

The  split  graphite  bronze  bushings  are  used  where  the  motion  is  oscillatory 

and  not  rotary,  such  as  in  rocker  arms,  steering  knuckles  and  arms,  and 

piston  pins,  and  for  starting  motors,  distributor  shafts,  and  places  where 

rotary  speed  is  not  high  and  unit  load  is  low.  They  are  also  used  on  the 

chassis  frame,  in  brake  systems,  etc. 

Another  type  of  graphite  bronze  bearing  is  made  by  molding  into  the 

desired  shape, mixtures  of  graphite  with  powdered  metals  or  metallic  com- 

pounds and  heat-treating  to  effect  alloying  of  the  metallic  ingredients. 

The  bushings* are  then  sized  to  definite  finished  dimensions,  which  results 

in  a   porous  structure  capable  of  absorbing  apprecialde  quantities  of  the 

lubricant  and  having  graphite  uniformly  dispersed  throughout  the  mass. 

These  bushings  can  be  mai^ifactured  in  various  porosities,  densities,  and 

load-carrying  capacities,  depending  upon  the  use  to  which  they  are  to  be 
put.  The  porosity  can  be  varied  from  practically  zero  to  as  high  as  30  per 

cent  by  volume.  These  bushings  are  usually  finished  to  the  final  dimensions 

and  require  no  finish  machining,  but  they  must  be  proper] y   supported. 
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Table  A2-7. — Main  and  Connecting-rod  Bearings. — (Contijiued) 

Other  bearing  materials,  with  or  without  graphite  and  having  the  proper- 

ties of  cast  or  wrought  bearing  alloys,  nia^'  be  made  by  the  powder  and 
sintering  processes. 

Report  on  Non-ferrous  Metals  Division  adopted  June,  191 1.  Last  revision  January,  1940. 

Table  A2-8. — Brass  and  Bronze  Castings  Suit.able  for 

Bushings,  Etc. 

(From  S.A.E.  Handbook”) 
Spec.  No.  63 — -Leaded  Gun  iMetal  Castings 

Composition  % 

Copper     86 . 00--S9 .   (30 
Tin     9.00-11.00 

Phosphorus,  max     0.25 

Zinc  and  other  impurities,  max     0.50 

Lead     1 . 00-  2 . 50 

General  Information-  The  following  minimum  properties  should  be 

attained  from  standard  tension  test  specimens  poured  from  this  alloy  in 

sand  molds  and  tested  without  machining,  provided  that  proper  foundry 

practices  are  used. 

Tensile  strength,  lb.  per  sq.  in     30,000 

Yield  point,  lb.  per  sq.  in     12,000 

Elongation  in  2   in.  or  proportionate  gage  length,  per  cent.        10 

Combining  strength  with  fair  machining  qualities,  this  general  utility 

bronze  is  especially  good  for  bushings  subject  to  heavy  loads  and  severe 

working  conditions. 

Spec.  No.  64 — Phosphor-bronze  Castings 

Composition  *;“c 
Copper     78 . 50—81 . 50 
Tin     9.00-11.00 

Lead     9.00-11.00 

I^hosphorus     0 . 05—  0 . 25 
Zinc,  max     0.75 

Other  impurities,  max     0.25 

General  information.  The  following  luiiiinium  properties  should  be 

attained  from  standard  tension  test  specimens  poured  from  this  alloy  in 

sand  molds  and  tested  without  machining,  providt'il  that  proper  foundry 
practices  are  used. 

Tensile  strength,  lb.  per  sq.  in     25,000 

Yield  point,  lb.  per  sq.  in     12,000 

Elongation  in  2   in.  or  proportionate  gage  length,  per  eerit     S 
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Tabi^e  A2-8. — Brass  ani>  Bronze  Castings  Shitable  for 

Bushings,  Etc. — iContinued) 
This  metal  is  aa  excellent  composition  for  use  where  antifraction  qualities 

are  desired  standing  up  exceedingly  well  under  heavy  loads  and  severe 

usage. 

This  specification  practically  conforms  in  composition  with  ASTM 

B66-3S. 

Spec.  No.  66 — Bronze  Backing  for  Lined  Bearings 
Composition  % 

Copper     83 . 00—86 . 00 
Tin     4.50-  6.00 

Lead     8.00-10.00 

Zinc,  max     2.00 

Other  impurities,  max     0.25 

General  Information.  The  following  minimum,  properties  should  be 

attained  from  standard  tension  test  specimens  poured  from  this  alloy  in 

sand  molds  and  tested  without  machining,  provided  that  proper  foundry 

practices  are  used. 

Tensile  strength,  lb.  per  sq.  in     25,000 

■   Yield  point,  lb.  per  sq.  in     12,000 
Elongation  in  2   in.  or  proportionate  gage  length,  per  cent     8 

This  composition  is  recommended  as  an  inexpensive  but  suitable  alloy 

for  bronze-backed  bearings. 

Spec.  No.  660 — Bronze  Bearing  Castings 
Composition  % 

Copper     81 . 00—85 . 00 

Tin   ,     6.50-  7.50 
Lead     6.00-  8.00 

Zinc     2 . 00-  4 . 00 

Iron,  max           0.20 

Antimony,  max     0.20 

Aluminum     None 

Other  impurities,  max     0.50 

General  Information.  This  alloy  is  one  of  the  widely  used  compositions 

for  bronze  bearings.  In  the  automotive  industry,  it  is  used  extensively  in 

applications  such  as  spring  bushings,  torque-tube  bushings,  steering-knuckle 

bushings,  piston-pin  bushings,  and  washers. 

The  following  minimum  properties  shoidd  be  attained  from  standard 

tension  test  specimens  poured  in  sand  molds  and  tested  without  machining, 

provided  that  proper  foundry  practices  are  used. 
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Table  A2-8. — Brass  and  Bronze  Castings  Suitable  for 

Bushings,  Etc. — {Continued) 

Tensile  strength,  lb,  per  sq.  in     30,000 

Yield  point,  lb.  per  sq.  in     14,000 

Elongation  in  2   in.  or  proportionate  gage  length,  per  cent     18 

This  alloy  is  essentially  the  same  in  chemical  and  physical  properties  as 

alloy  No.  SB  of  ASTM  B30-40T. 

Note:  For  other  brass,  bronze,  and  copper  alloys,  see  S.A.E.  “Handbook.’* 



452 AIRCRAFT  ENGINE  DESIGN 

T-Vble  A2-9. — Ferrous  Metals  Useu  in  Engine  Construction 

(From  S.A.E.  Jour.,  VoL  40,  No.  4,  April,  1937) 

Chemical  oomposition. 

Car- 
bon. 

Manga- 
nese 

Sili- 
con 

Nickel 

Chro- 

miu  m Tung- sten Molyb- 
denum 

Vana- 

dium Other 
elements 

S.A.E.  No. 

or  trade 

designation 

0.05 0.45 
1010 

0.15 0.45 
1015 

0.20 
0.45 

1020 

0.35 0.65 
1035 

O   SO 0.65 
1050 

0.90 0.35 
1090 

0.95 0.36 

1095 

0.20 0.75 

S-0.11 

1120 

0.30 0.65 3.50 2330 

0.40 0.65 3 . 50 2340 

0.15 0.45 1   .25 0.60 
3115 

0.40 0.75 
1.25 0,80 

X-3140 

0.40 0.45 
1.75 1.10 3240 

0.50 0.45 1.75 1.10 
3250 

0.15 0,45 5.00 

2515 

0.12 0.45 3.50 

1.50'
 

3312 
0.30 0.50 0,95 

0.2 

X-4130 

0.40 0.65 1.75 0.70 0.35 4340 

1 .0 0.30 
1 .35 

52100 

0.35 0.75 
0.95 

0.2 

6135 

0.50 0.75 
0.95 

0.2 

6150 

0.90 0.35 1   0.90 
0.2 

6190 

0.43 0.55 
1   .6 

0.4 
Al.  1.2 

Nitralloy 

0.35 
0.45 

1   1   .2 

0.2 
Al.  1.2 

Nitralloy 

0.07* 
0.45 

7.0* 

17* 

Ti-0 . 2 30905 

0.60 0.3 

1   3.5
 

13 

71360 

0.G5 0.3 3.5 

IG 

71665 
0.45 0.40 

3.0 S.O 
1.5 

Cr-Si-W 0.30 0.30 2.50 S.O 
12.5 

Cr-Ni-Si 
0.45 0.50 1   .25 14.0 14.0 2.5 

Cr-Ni-W-Si 

1.20 0.50 1   .2 

IS 

0.6 
Cr-Si-Mo 

1.2 0.5 
0 . 5 

13 

0.9 
Co-1 . 3 

Co-Cr 
1.0 0.5 1   . 5 O.G 13.5 

3.5 0.6 
13.5  Cr 

*   Tensile  streiigth  at  1200°!^.  All  other  tensile  properties  are  typical  specificatioii  values. 
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Table  A2~9. — Feerotjs  IMktals  Used  ix  Ex^gixe  Coxstrugtiox. — 
{Continued) 

Mechanical  properties 

Tensile 

strength, 

lb.  per 

sq.  in. 

Yield 

strength, 

lb.  per 

sq.  in. 

Elon- 
gation 2   in- 

% Re- duc- 

tion in area. 

Application 

38,000 20.000 
35 

Ferrules,  clips,  lock  wire 

45,000 25,000 

22 

Camshaft,  washers,  ball  ends 

55 , 000 36,000 22 Nuts,  screws,  counterweights,  flanges 

80 , OOO 50,000 
20 

Shafts,  sleeves,  nuts,  rivets 

100,000 75,000 16 Cylinder  barrels,  keys 

225 . 000 350,000 Springs 

Shims,  wearing  parts,  valve  mechanism 

55,000 Screws,  nuts,  dowels  for  minor  attachments 

125,000 100,000 

15 
50 

Bolts,  studs,  xruts,  shafts 

135,000 110,000 15 
50 

Connecting  rods,  gears 

130,000 90,000 

16 
40 

Gears,  piston  pins 

130,000 100,000 17 
50 

Bolts,  studs,  shafts 

135,000 110,000 15 50 Crankshaft,  drive  shafts 

225 , 000 200,000 
10 

40 Gears,  pins 

170,000 145,000 
14 

45 Gears,  cams,  crankshaft 

160,000 135,000 

16 

50 Gears,  drive  shafts,  cams 

95 , 000 75,000 12 Washers,  shims,  spacers,  tubes 

160,000 140.000 15 50 Crankshaft,  connecting  rods 

.   .       ’Balls,  bearings,  knuckle  pins 
150,000 120,000 

15 
50 Gears,  shafts,  propeller  hubs 

220,000 200,000 10 Piston  pins,  gears,  drive  shafts,  tappets,  springs, 

ball  ends,  dowels,  tappets,  bolts,  studs 

135,000 100,000 
IS 

55 
Gears,  cylinders 

120,000 SO , 000 15 45 Piston  pins,  shafts,  pump  liners,  bushings 

100,000 35 , 000 40 Exhaust  manifolds,  supercharger  casiitg 

55,000* 
Valve,  inlet 

60,000* 
Valve,  inlet  tips 

50,000* 
Valves,  inlet 

60,000* 
Valves,  inlet 

80,000* 
Valves,  inlet  and  exhaust,  supercharger  buckets 

50,000* 
Valves,  inlet  and  exhaust 

60,000* 
Valves,  exhaust 

50,000* 
Valves,  exhaust 

*   Tensile  strength  at  1200®F.  All  other  tensile  properties  are  t\  pieal  speciticatiou  valuei 
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Table  A2-10. — Nonfeeroxjs  Metals  Usei>  in  Engine  Constrtjction 

(From  S.A,E.  Jour.,  VoL.  40,  No.  4,  April,  1937) 

I   Chemical  composition       I 

A
l
u
m
i
n
u
m
 

Co
pp
er
 

Zi
nc
 

Ti
n 

Le
ad
 

Si
li
co
n 

Ir
on
 

Ni
ck
el
 

Ma
gn
es
iu
m 

M
a
n
g
a
n
e
s
e
 

C
h
r
o
m
i
u
m
 

S.
A.
E.
  

No
. 

tr
ad
e 
 

de
s 

na
ti
on
 

94 
4 

0.5 

26 

93 4.2 1 .5 
0.6 24 

97 

2.5 

0.25 

NF-1 91 
4   0 

2.0 
0.6 

NF-2 Tube   

96.5 
1.0 

0.7 
0.25 

28 

85 
1   n 12.0 1.0 

1   .0 

NF-3 92 8 

30 

Sand  castings  / 

88 
10.0 

'   0.2 

34 

93 ,4 
2.0 

1 .5 

39 

Weight  lb.  per  j 
92 

4.5 1.2 
0-3 38 

84 

1   0 14.0 
2.0 

1 .0 321 

0.092-0.105  ) 
92 

1 
5.0 

0 . 5 

322 94 5.0 

35 

1 93 1 .5 
3.8 

320 

\ 
88 10.0 

324 

/ 87 4.0 
5.0 

307 
I>ie  castangs 87 

12 
305 

6.5 0.5 
0.2 

NF-4 

10 
88 0.1 

NF-5 8 

90 

0.2 

NF-6 
Weight,  lb.  per 

cu.  in. 

0.064-0.066 6 3 
0.2 

NF-7 Copper  base 99.5 

7l-7.'i 60 37 
2.0 

72~S8 

Wire.     ■ . 66 34 70 
Sheet   94 

5.0 PO  .4 
77  &   81 

Tube   

98 
Be2.3 

NF-S 9 88 3 

i   

701 
Weight,  lb.  per 

cu.  in   4   .   . 
10 

81 
2.5 

5 1 

NF-9 0.27-0.35  .   .   . 
58 

42 .... 1 
NF-10 

85 5 5 5 

40 

/ 

88 

2 

10 

62 

1 88 2 

10 

1.5 
.... 

63 
84 5 9 

66 

Castings   \\ 
10 

89 1 

68 

11 
79 

5 5 NF-11 
/ SO 

12 5 NF-12 
f 70 5 

25 

NF-13 
\ 

S3 10 

3 4 NF-14 

Tin  base   ^ 

4.5 
90 

Sb7 10 50 

50 

Silver  base ....... 
30 

25 

head  base   90 

97 

3 
Nickel  base   i 

t 

10 70 

15 
1 

W-14 
Co-52 

27 

Cobalt  base   4 
1 2 

W-4 
Co-66 

27 

*   Brinell  unless  preceded  by  letter  for  appropriate  Rockwell  scale. 
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TabijE  A2-10.  Nonferrous  IMetals  Used  iisr  Engine  Oonstructiox. — 
{Continued^ 

IVIechanical  properties 

Te
ns
il
e st
re
ng
th
, 
 

lb
, 

pe
r 
 sq
. 
 

in
. 

Yi
el
d 

st
re
ng
th
, 
 

lb
. 

pe
r 
 

sq
. 
 

in
. 

1^ 

li 

S”
 

* 

I 
a 

1 
w 

Fa
ti
gu
e 
 

li
mi
t,
 

lb
. 
 p
er
  s
q.
  in
. 

5  
 X
   

10
8 

cy
cl
es
 

Application 

•   56,000 32,000 
16 

90 
13,000 

Washers,  rivets,  deflectors 

62,000 40,000 
15 100 

14,000 
W’'ashers,  rivets,  deflectors  small  forgings 

29,000 14,000 20 60 14,000 Tubes 

55 , 000 35,000 
8 

95 

Pistons 

43,000 34,000 12 90 11,000 
Large  forgings 

55,000 40,000 5 
100 14,000 Pistons 

18,000 

30,000 18,000 

100 

Cylinder  heads 

32,000 18,000 1 95 
8,000 

Cylinder  heads,  pistons,  hearings 

32,000 18,000 3 80 
9,000 

Crankcase,  gear  housing 

32,000 18,000 
100 Pistons 

32,000 20 , 000 2 90 
7,500 

Miscellaneous  castings 

16,000 7,000 2 
40 

5,000 Gil  pans,  gear-case  covers 
18,000 10,000 

40,000 22 , 000 

11 
85 

7,500 
High  stressed  castings 

32,000  1 2 

29 , 000 3 

42,000 24 , 000 5 15,000 Nose  section,  forging 

30,000 18,000 1 65 

1   9,000
 

Nose  section,  gear-case  covers,  housings. 
1 rear-end  crankcase 

29,000 10,000 6 

48 

7,500 I 

Crankcase 

32 , 000 18,000 4 65 
9,000 

Miscellaneous  castings 

34 , 000 10,000 50 11,000 Tube,  shims 

55 , 000 25,000 

30 

60 Spacers,  dowels 
Bolts,  shims 

55—100,000 15.1 20,000 
Bushings 

160,000 130,000 5 

300 
30,000 

Bushings,  springs 

80 , 000 40 , 000 
15 

160 25,000 Valve  guides,  bushings 

200 Valve  seats 

85 , OOO 40 , 000 
20 

Counterweights 

26 , 000 12,000 15 
B-SO 

Fuel-  and  oil-line  connections 

30 , OOO 15,000 14 

B-S5 Bushings 

30 , 000 12 ,000 10 
Bushings 

25 , OOO 12 ,000 8 
Bushings 

SO , OOO 50,000 4 
170 Valve  seats,  propeller  cones 

85 , OOO 3 . 5 230 Valve  seats,  propeller  cones 
Oil-seal  rings 

• 
45 

Bushings 

Exhaust  valve  guides 

Bearings 

440 1 
3C>0‘"F.t Solder 

1250*^^".$ 

Solder 

1550t 
5S0°F.  X 

Solder 

Spark-plug  electrodes 

SO , OOO 30 ,0O0 
25 

Exhaust  eQuipment 

600 Stellite  No.  1   valve  tips 

450 Stellite  No.  6   valve  seat  facing 

t   Shearing  strength  at  350°F. — Base  metal,  copper.  t   Melting  starts,  deg-  F. 
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Table  A2-11. — Pbincipal  Engine  Parts  and 

Representative  Specifications* 

(From  S.A.E.  Jour.,  Vol.  40,  No.  4,  April,  1937) 

Name  of  part Spec. 
No. 

Hard- 

ness 

Spec.  No. 

Hard- 

ness Spec.  No. 

Hard- 

ness 

Spec.  No. 

Hard- 

ness 

Cylinder  barrels   1050 

225 
4140 300 

Nitralloy 900 

Cylinder  beads   39 

65 

34 

65 

Piston   
321 

100 

NF-2 

100 

NF-3 

115 

39 

110 

Piston  rings   Cast  iron 

B-lOO 

Valve,  intake   Cr-Si-W 

C-42 

Cr-Ni-Si 
C-40 

Cr-Si-Mo 

C-50 

71360 

C-45 

Valve,  exhaust   
Cr-Si-Mo 

C-50 

Cr-Ni-.W-Si 

C-15 

Co-Cr 

C-55 
13.5  Cr 

C-50 

Valve,  guide   

68 

175 

701 160 
Co-Cr 

C-50 
62 

B-85 

Valve,  spring   1095 

C-44 6150 C-44 

Valve,  spring  washer   3135 

C-36 

6150 C-40 

Valve,  spring  retainer   3250 

C-50 

6150 C-40 

Valve  seat   
as 

225 

NF-9 
200 

Cr-Ni-W-Si 

C-15 

701 

160 

'Valve  lock  wire   10S5 Rocker  arm   
3140 

C-30 
6150 

C-30 

2330 

C-30 

Rocker-arm  hub  bolt   3140 

C-32 
6150 

C-25 

3312 

C-60 

Rocker-arm  bearing   
Ball 

Roller 

Rocker-arm  cup   10115 
C-62 3250 

C-42 52100 

C-60 

6180 

C-55 

Push  rod,  tube   26 
X-4130 C-35 

1025 

Push  rod,  ball  end   1015 
C-62 3250 C-46 

1095 

C-50 

Push  rod,  roller.     3115. 

C-60 
3215 

C-60 

Push  rod,  roller  pin   
3140 

C-40 
3250 C-50 61^0 

C-52 

Cam   3250 

C-56 
2515 C-60 

Camshaft   1015 

C-60 

Cam  bearing   
64 

B-76 

62 

B-S5 

Cam  drive  shaft  and  gear. . . 
3312 

C-60 3140 
C-38 2515 

C-55 

Crankresp.  medn  .... 

322 

80 38 

SO 

28 115 ’••a-; 

bh-w.  ■■  .'    

322 

80 

38 

i   80 

NP-5  and  6 

45 

Imp>elier   .■ 26 

115 
27 

100 

Impeller  shaft   2515 

C-60 

3312 

1   C-60 

Nitralloy  . 
900 

TTp_r|oii ^•'•-laViaft  b"ar'''”sr  .   .   ' 
Ball X-3140 260 3240 

280 
4340 

320 
2615 

C-60 

1035 

160 43 

140 
640 ('r::..’;'-. e.x: ..  . 3140 

C-40 3250 
C-45 

2515 

C-55 

PrcpvM.'-iiub  :iu: 6135 
250 

3312 C-60 
2330 

C-30 

r- c--:.- 

68 210 

65 

i   160 

[ 
l?:-d.  ".c 3140 

270 
4340 350 

2340 
340 

Pin,  piston   6150 
C-50 

3312 

,   C-60 

3250 

C-47 Nitralloy 

900 
Pin,  knuckle   

3312 

C-60 
3120 

1   C-60 
62100 

C-60 

Pi",  hnshinga 62 
150 

63 130 

Ihi'w.  d.  -r  ■   -ik- 
case   

3250 

C-35 
6150 C-35 3140 

C-30 

Studs,  cylinder       6150 

C-26 3140 
C-30 

Nuts   6150 

B-95 
3140 C-25 

2330 

C-20 

Gears,  reduction;  camshaft 
drive;  accessory  drive.  .   .   . 3250 

C-45 
3312 

C-60 
2515 

C-60 
Nitralloy 

900 

Hous'p.fi's,  ecr^s.^^ry  drive..  . 
30 

70 
322 

50-80 38 
50-70 NP-5  and  6 

45 
iic. ci.i-sory  drive 

covers   
30 

70 

1   322 
!   50-80 

35 

45 38 50-70 

Sump,  oil;  scoops,  air   
30 

70 

35 

'   45 

NF-5 

45 

*   By  S.A.E.  number  except  as  noted. 
Hardness  values  are  teken  from  .?er-.nc“  and  ar«  Briuell  (10-mm.  ball— 3000-kg.-load  for  steel  and  alumi- 

num-bronze— 500  kg.  fo."  o;::.. ;■  :r.rcy:.<  :   u:.’.  js  preceded  by  C   or  B   for  Rockwell — Cone  and  11 1>  ball, respectively. 
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Table  A2-12. — Copper  Alloys  Suit-VBLE  for 
Miscellaneous  Enqine  Parts 

(From  S.A.E.  ‘‘Handbook”) 

Composition 

Copper . .   . 
Tin   

Head,  max 

Iron,  max. 
Zinc   

Spec.  No.  62 — Hard  Bronze  Castings 

86. 00-89.  00 
9.00-11.00 

0.20 
0.06 

1.00-  3.00 

General  Information.  The  following  minimum  properties  should  be 

attained  from  standard  tension  test  specimens  poured  from  this  alloy  in 

sand  molds  and  tested  without  machining,  provided  that  proper  foundry 
practices  are  used. 

Tensile  strength,  1^)-  per  sq.  in     30,000 

Yield  point,  lb.  per  sq.  in       15,000 

Elongation  in  2   in.  or  proportionate  gage  length,  per  cent     14 

This  alloy  is  suitable  wherever  a   strong  general  utility  bronze  is  required. 

It  may  be  used  for  severe  working  conditions  where  heavy  pressures  obtain, 

as  in  gears  and  bearings. 

This  specification  conforms  in  composition  with  A.S.T.^M.  B60-36. 

Spec.  No.  6S — Cast  Aluminum  Bronze 

Composition 

Copper   
Aluminum   

Iron     

Tin,  max   

Total  other  impurities 

Grade  A 

87 . 00-89 . 00 
7.00-  9.00 

2

.

5

0

-

 

 

4.00 
0.5 
1.0 

Grade  B 

89 . 50—90 . 50 
9.50-10. 50 

Not  over  1 . 00 

0.2 
0.5 

General  Information.  Standard  test  bars  cast  in  sand  and  te.sted  with- 

out machining  should  give  the  following  minimum  mechanical  properties: 

Grade  Grade  B 

Tensile  strength,  lb.  per  sq.  in.  (as  cast)     65,000  65,000 

Tensile  strength,  lb.  per  sq.  in.  (as  heat-treated,  quenched 

and  drawn)   '     80,000 
Aheld  point  (as  cast)     25,000  25,000 

Yield  point  (as  heat-treated)     50,000 

Elongation  in  2   in.,  per  cent  (as  cast)     20  15 

Elongation  in  2   in.,  per  cent  (as  heat-treated)     4 

This  is  a   corrosion-resistant  alloy  of  great  strength  with  a   hardness  equal 

to  that  of  manganese  l^ronze  and  under  certain  (*onditions  has  good  bearing 
qualities.  It  is  used^^for  worm  wheels,  gears,  and  similar  parts. 
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TabliE  A2-12. — Copper  Alloys  Sttitable  for 

Miscellaneous  Engine  Parts, — {Continued) 

This  specification  conforms  with  the  composition  and  physical  properties 

of  A.S.T.M.  B59-39. 

Report  on  Non-ferrous  Metals  Division,  adopted  June,  191 X.  Last  revision,  January, 
1940. 

Spec.  No.  701 — Wrought  Aluminum  Bronze 
(Annealed,  Hot  Rolled,  or  Forged) 

Note:  Prior  to  January,  1933,  this  specification  was  published  as  S.A.E. 

Specification  69. 

Composition  % 

Copper   :     88 . 00-95 . 00 
Aluminum     4 . 50-10 . 00 

Iron,  max           4.00 

Other  additions  including  nickel,  tin,  and  manganese,  max .   2.00 

Other  impurities  including  zinc  and  lead,  max     0.25 

Mechanical  requirements 

Tensile  Test  Bata 

Diameter  or  thickness,  in. Width,  in. Ulti- 

mate 
strength, 

lb,  per 

sq.  in. min. 

Yield 

point, 
lb.  per 

sq.  in. min. 

Elonga- 

tion 
in  2   in., 

per  cent min. 

Hods  and  bars: 

Over  To  and  inc. 

0   0.50 
80,000 40,000 

15 0.50  1.0 75,000 37 , 500 

15 

1.0    72,000 35 , 000 
20 Shapes,  all  sizes   75 , 000 30 , 000 15 

Plates,  sheets,  and  strips : 
0   0.5 Less  than  30 60,000 24,000 

25 

0   0.50 Over  30 55,000 22 , OOO 

25 

0.50    Ail 50,000 20,000 

30 General  Information.  This  is  a   corrosion-resistant  alloy  of  great 

strength  with  a   hardness  equal  to  manganese  bronze.  It  has  good  bearing 

and  antifrictional  properties.  Wrought  aluminum  bronze  is  used  for 

diaphragms,  gears,  forgings,  for  its  color,  strength,  resistance  to  corrosion 

and  wear  and  for  its  properties  at  elevated  temperature.  Valve  seats  and 

bushings  are  hot  forged  for  use  on  internal-combustion  engines.  The 

10  per  cent  alloy  can  be  heat-treated  in  a   manner  similar  to  steel.  Its 

physical  properties  are  improved  to  some  extent  by  heating  and  quenching. 

Note:  For  other  data  on  this  alloy,  see  S.A.E.  ‘^Handbook.” 
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Shore  hardness 

Fig.  A2-1. — Approximate  relation  between  Brinell,  Rockwell,  and  Shore 

hardnesses  and  the  strength  of  structural  alloy  steel.  (JFrom  data  of  the  Inter- 
national Nickel  Com'pany.) 
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Table  A3-1. — Properties  of  Various  Beam  Cross  Sections 

(From  Marks,  Mechanical  Engineers'  Handbook") 

Section 
Moment  of 

inertia  ( =   /) 

Section 
modulus 
(=//C) 

Radius  of 

gyration 

{k  =   VT/A) 

1<~~B  —
A  ' 

Bm 

12 

BH^ 

12 
=   Q.408Jy 

•n/6 

; 

-d 

BH^ 

12 

BH^ 

6 

=   0.289H 

VT2 

'K^L^ 

(-’A ird^ 

32 (-?) 
d 
4 

(   =   i) 

TT  /Z)4  —   d^\ 32  V   ̂    ) 
Vl>2  + 

4 

WZTTZZk   T 
RH^  —   b/i« BH^  -   b/i» 

/   BH3  -   hh^
 h\  - 

12 
6H 

^   12,{BH  —   hh) 

a4-i4 
B/2  -d  \<-'-B/2 

BH'^  -h  hh^ 

12 

'H- 

6H 
.   Ibh-^  + 

12(BH  4-  bh) 

Cenfroida!^ I   —   moment  0 
troidal  axii 

A_  =   area. Jc  =   radius  of 
troidal  axi 

/^  =   /   4- A:2  =   ̂2  4.  ̂ ^2 

f   inertia  with,  rc 
s. 

gyration  with  r( 
s* 

aspect  to  the  cen- 

2spect  to  the  cen- 

460 
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Table  A3-2. — Defustitiont  of  Spxjr-gear  Tooth  Parts 

(Prom  data  of  Foote  Brotliers  Gear  and  jVIaehine  Company) 

The  addendum,  circle  is 

the  circle  that  limits  the 

tops  of  the  teeth. 

The  pitch  circle  is  the 

trace  of  the  pitch  cylinders 

on  which  the  tooth  curves 

are  formed. 

The  dedendum,  or  root 

circle,  is  the  circle  that 

limits  the  bottom  of  the  tooth. 

The  clearance  is  the  amount  by  which  the  tops  of  the  teeth  of  one  wheel 

clear  the  bottoms  of  the  spaces  of  the  other,  as  they  pass  the  line  of  centers. 

The  working-depth  circle  is  a   circle  of  radius  equal  to  that  of  the  deden- 

dum  circle  plus  the  clearance. 

The  face  is  that  part  of  the  tooth  lying  between  the  pitch  and  addendum 

circles. 

The  flank  is  that  part  of  the  tooth  lying  between  the  pitch  and  dedendum 

circles. 

The  thickness  of  the  tooth  is  its  width  measured  on  the  pitch  circle. 

The  width  of  space  is  the  space  between  the  teeth  measured  on  the  pitch 

circle. 

The  backlash  is  the  difference  between  the  thickness  of  a   tooth  and  the 

space  into  which  it  meshes,  measured  on  the  pitch  circles. 

The  pitch  diameter  is  the  diameter  of  the  pitch  circle.  It  is  the  diameter 

that  is  used  in  making  all  calculations  for  the  size  of  gears. 

.   The  circular  pitch  is  the  distance  in  inches  between  similar  points  of 

adjacent  teeth,  measured  along  the  pitch  circle.  It  is  the  thickness  of  the 

tooth  plus  the  width  of  a   space,  measured  on  the  pitch  circle. 

The  diametral  pitch  is  the  number  of  teeth  on  the  gear  per  inch  of  diam- 

eter of  the  pitch  circle.  Circular  pitch  times  diametral  pitch  ==  tt. 

The  diametral  pitch,  or  module,  is  the  distance  in  inches  obtaine'd  by 

dividing  the  diameter  of  the  pitch  circle  by  the  number  of  teeth  in  the  gear. 

The  chordal  pitch  is  the  length  of  a   straight  line  drawn  from  the  pitch 

points  of  two  adjacent  teeth.  Chordal  pitch  =   diameter  of  pitch  circle 

times  sine  (ISO  deg.  -f-  number  of  teeth).  Chordal  pitch  is  used  with 

chain  or  sprocket  wheels,  to  conform  to  the  pitch  of  the  chain. 

The  angles  of  action  are  the  angles  through  which  the  gears  turn  while  a 

pair  of  teeth  are  in  action.  If  the  diameters  are  not  alike,  these  angles  will 

be  inversely  as  the  radii  of  the  pitch  circles,  since  the  arcs  which  subtend 

them  are  equal. 

The  angle  of  approach  is  the  angle  through  which  a   gear  turns  from  tlie 

beginning  of  contact  of  a   pair  of  teeth  until  contact  reaches  the  pitch  point. 

The  angle  of  recess  is  the  angle  through  which  a   gtnir  turns  while  the 

contact  point  of  a   pair  of  teeth  moves  from  the  pitch  point  to  tlie  point  where 

the  teeth  pass  out  of  contact.  Angle  of  approach  -b  angle  of  recess  =   angle 
of  action. 

Circular Whole  pitch 
depih^^ 

Working  . 

depth  Jhi
CKness 

I   of  tooth 

Addendum 

Dedendum 

dea  ranee’ 
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Table  A3-3. — Standard  14>^-  and  20'-dbg.  Iistvoexite  Gears^-^ 

As  the  result  of  work  by  the  American  Standards  Association,  gear-tooth 

profiles  and  dimensions  hav'e  been  standardized.  Gears  having  a   14J-^-deg. 

pressure  angle  are  made  either  in  the  composite  (part  involute  and  part 

c3'cioidal)  type  or  in  the  14>2-deg.  full-depth  involute  type.  The  composite 

type  is  stronger  but  more  difficult  to  machine  accurately.  The  two  types 

are  not  interchangeable.^  Gears  of  the  20-deg.  full-depth  involute  type 

have  teeth  that  are  thicker  at  the  base  and  therefore  they  are  stronger  than 

the  1442”deg.  pressure  angle  gears.  However,  the  force  tending  to  separate 

mating  gears  is  greater  with  the  20-deg.  pressure  angle  than  with  the 

14t2-deg.  pressure  angle  and  this  may  be  a   disadvantage  in  some  instances. 

Still  greater  gear  tooth  strength  may  be  had  by  using  the  20-deg.  involute 

stub  tooth  (see  Table  A3-4). 

The  American  Standards  Association  recommends  the  following  propor- 

tions for  14>2-deg.  composite,  14t^-deg.  full-depth  involute  and  20-deg. 

full-depth  involute  gears.  ̂  

Dimensions  for  144^-deg,  Composite,  1414-deg-  Full-depth,  20-deg. 

Full-depth  Gears 

Part 
In  terms  of 

diametral  pitch,  in. 

In  terms  of 

circular  pitch,  in. 

Addendum   
1 . 0/Pd 

1 . 157 /Pd 
2.0/Pd 

2.157 /Pd 

0.157 /Pd 

N/Pd 

A   -f-  2 

Pd 

0.3183  XPc 

0 . 3683  X   P^ 

0 . 6366  X   Pa 

0 . 6866  X   Pc 

0 . 0500  X   Po 

0.3183  X   ihr  X   Pc 

0.3183  X   (W  +   2)  X   P« 

TVjrirtimnm  dedcndum ....... 

Working  depth       . 

Minimum  total  depth   

Minimum  clearance   

Pitch  diameter   

Outside  diameter   

N   —   number  of  teeth. 

JPd  =   diametral  pitch. 

JPe  *=  circular  pitch. 

X   Tc  = 
^   Norman,  .Ault,  and  Zarobskj',  "Fundamentals  of  Machine  Design.” 

2   Data  of  Foote  Brothei-s  Gear  and  Machine  Company. 
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Table  A3--4. — Stub-tooth  Geaks^*- 

The  advantages  of  the  stiib-tooth  gear  as  compared  with  the  standard 
involute  143>^-deg.-pressure-angle  spur  gears  are  as  follows:- 

1.  Equal  arc  of  rolling  action. 

2.  Reduction  of  sliding  action. 

3.  More  even  wearing  contact. 

4.  Longer  life. 

5.  Greater  strength. 

6.  Possibility  of  decreasing  pitch. 

7.  Reduction  of  noise. 

8.  Less  distortion  in  hardening. 

Strength  is  the  factor  that  is  generally  uppermost  in  the  designer’s  mind 
when  he  is  laying  out  a   gear-tooth  form  of  gearing  that  will  be  subjected  to 
shocks  or  intermittent  loads.  It  is  the  fact  of  increased  strength  that  has 

been  largely  instrumental  in  advancing  the  popularity  of  the  stub-tooth 

gear.  This  type  of  tooth  has  been  successfully  applied  in  the  manufacture 
of  automobile  and  airplane  gear  ^   ^   ,   , 

drives.^  , 
A   shortening  and  widening  of  the 

tooth  at  the  base  results  from  in- 

creasing  the  pressure  angle  from  Dedencfum 

14^^  to  20  deg.  As  a   general  rule,  14|®St(7indard  tooth  20®  Stub  tooth stub-tooth  gears  with  less  than  25 

teeth  are  about  25  per  cent  stronger  than  standard  20-deg.  full-depth 

involute  teeth  and  40  per  cent  stronger  than  involute  teeth. 

For  larger  numbers  of  teeth,  the  gain  in  strength  is  somewhat  less.- 

The  American  Standards  Association  recommends  the  following  propor- 

tions for  20-deg.  stub-tooth  gears 

Dimensions  for  20-deg.  Stub  Gears 

Part 
In  terms  of In  terms  of 

diametral  pitch,  in. circular  pitch,  in. 

Addendum   O.S/P^ 
0.2546  X   Pc 

Minimum  dedenduiii   
1   -O/Pa 0.31S3  X   Pc 

Working  depth   1 .6  ̂ P.i 
0.5092  X   Pc 

Minimum  total  depth   l.S'P.i 0.5729  X   Pd 

Minimum  clearance   
0.2  P.^ 0.0637  X   Pc 

Pitch  diameter   
N/Pa 

0.31S3  X   N   X   Pc 

Outside  diameter   N   +   1.6 D   4-  (2  addendums) 

P   d 

N   =   nunibt^r  of  teeth. 

Pd  ==  diametral  pitch. 

Z>  =   pitch  diameter. 

Pc  =   circular  pitch. 

Pd  X   Pc  =   TT. 

1   Norman,  Ault,  and  Zarobsky,  “Fundamentals  of  IVIachiiie  Design." 
2   Data  of  Foote  Brothers  Gear  and  Machine  Company. 
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Table  A3-5. — Iistternal  Gears 

Internal  gear  dimensions  may  be  found  by  the  same  formulas  as  for 

external  gearing  except  for  modifications  made  necessary  by  the  fact  that 

the  center  distance  in  internal  gearing  is  equal  to  the  difference  between 

the  two  pitch  radii  instead  of  their  sum.  In  addition,  the  term  inside 

diameter  takes  the  place  of  outside  diameter  in  external  gearing.  .Inside 

diameter  is  the  diameter  of  the  hole  in  the  gear  blank  before  the  teeth  are  cut. 

Internal  gear  details. 

Internal  gears  have  several  desirable  characteristics:^ 
1.  Much  stronger  teeth  due  to  greater  base  width. 

2.  Less  sliding  action,  hence  less  wear. 

3.  Higher  ejffiiciency. 
4.  More  teeth  in  contact. 

5.  Smoother  operation. 

6.  More  compact  design. 

For  internal  gears  of  the  same  material  as  their  pinions,  it  is  unnecessary 

to  calculate  the  strength  because,  (a)  the  torque  arm  is  greater,  hence  the 

torque  force  is  less  than  on  the  pinion,  and  (6)  the  teeth  are  much  stronger 

than  the  pinion  teeth  because  of  greater  base  width. 

1   Norman,  Ault,  and  Zarobsky,  '‘Fundamentals  of  Machine  Design.” 
2   Data  of  Foote  Brothers  Gear  and  Machine  Company. 
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Table  A3-6. — Simple  Epicychc  Gearing 

The  principle  of  operation  of  the  simple  epieyclie  gear  train  is  illustrated 

in  the  accompanying  diagram  where  /S  is  the  sun  pinion,  P   is  the  planet 

pinion,  G   is  the  internal  gear,  and  A   is  the  arm  carrying  P. 

'6  \ 

/n  I   rA 

Sir  _   ^ ' 

The  following  formulas  give  the  speeds,  pitch-line  velocities,  and  loads 
for  the  six  most  commonly  used  cases.  In  these  formulas: 

Na  =   number  of  teeth  in  internal  gear  G. 

Njo  =   number  of  teeth  in  planet  pinion  P, 

•   Ns  =   number  of  teeth  in  sun  pinion  S. 

E   =   center  distance  of  gears  S   and  P. 

V   ~   pitch-line  velocity  of  transmitted  load,  f.p.ra. 

Vg  =   pitch-line  velocity  of  tooth  engagement  on  f.p.m. 
pitch-line  velocity  of  tooth  engagement  on  S,  f.p.m. 

Va  =   velocity’’  of  center  of  planet  pinion  P,  f.p.m. 
n   =   r.p.m.  of  driving  member. 
W   =   transmitted  load,  lb. 

Wq  =   tooth  load  on  Gy  Ih. 

W   s   —   tooth  load  on  lb. 

Wa  —   load  at  center  of  pinion,  lb. 

Q   ~   driving  torque,  in.  lb. 
hp.  =   number  of  horsepower  transmitted. 

1   Data  of  Foote  Brothers  Gear  and  Ivlachine  Company. 

-   Schwamb,  IMerill,  and  James,  “Elements  of  Mechanism.'’ 

3   Buckingham,  “Manual  of  Gear  Design.” 
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Table  A3-7. — Compound  Epicyclic  Gbaring^'^*® 

The  principle  of  operation  of  the  compound  epicyclic  gear  train  is  illus- 
trated in  the  accompanying  diagram  where  S   is  the  sun  pinion,  G   is  the 

internal  gear,  A   is  the  arm  carrying  Pjs  and  Pg,  Pg  is  the  planet  gear  meshing 
with  is  the  planet  gear  meshing  with  S   Pg  and  Ps  are  both  keyed  to 
shaft  Mz, 

The  following  formulas  give  the  speeds,  pitch-line  velocities,  and  loads 
for  the  six  most  commonly  used  cases.  In  these  formulas: 

Ng  —   number  of  teeth  in  internal  sun  gear. 

N PS  =   number  of  teeth  in  planet  pinion  meshing  with  S» 

NpG  =   number  of  teeth  in  planet  pinion  meshing  with  G. 

Ns  =   number  of  teeth  in  spur  sun  gear. 

E   =   center  distance  of  gears,  in. 

V   =   velocity  of  the  transmitted  load,  f.p.m. 

Vs  —   pitch-line  velocity  of  tooth  engagement  on  Sj  f.p.m. 

Vg  =   pitch-line  velocity  of  tooth  engagement  on  G,  f.p.m. 

Vji  ==  velocity  of  center  of  planet  pinions,  f.p.m. 

Q   —   driving  torque,  in.-lb. 
hp.  =   number  of  horsepower  transmitted. 

n   =   r.p.m.  of  driving  member. 

W   =   transmitted  load,  lb. 

Wg  =   tooth  load  on  G,  lb. 

Ws  =   tooth  load  on  jS,  lb. 

Wa  —   load  at  center  of  pinions,  lb. 

Potential  power  (ft.-lb.  per  min.)  =   WqVg  =   ITVsIVs- 

Transmitted  power  (ft.-lb.  per  min.)  =   IFF. 

1   Data  of  Foote  Brothers  Gear  and  Machine  Companv. 

2   Schwamb,  Merrill,  and  James,  “Elements  of  Mechanism.” 

8   Buckingham,  “   Manual  of  Gear  Design.” 
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Table  A3-8- — Engineering  Information  Covering  the  Design 
AND  Application  op  Bevel  and  Miter  Gearing 

(From  data  of  Foote  Brothers  Gear  and  ̂ Machine  Company) 

The  elements  to  be  considered  in  the  design  and  selection  of  bevel  gearing, 

calculation  of  tooth  strengths  and  horsepower  ratings  are  ver^'  similar  to 

those  already  covered  in  Tables  A3-2  and  A3-3  on  spur  gearing,  with  the 

exception  that  we  must  consider  here  pitch  angles,  face  angles,  cutting 

angles,  etc. 

The  following  table  and  diagrams  define  the  various  elements  that  are 

generally  used  in  the  solution  of  bevel  and  miter-gear  problems,  where  shafts 

run  at  90-deg.  angles. 

N 

P 

P'
 

nr 

a. 

y 

D 

S 

/S  -j-  A 
W 

T 

C 

F 

s 

t 

e 

4> 

8 

r 

K 

o 
J 

3 

N'
 

^Vhok  depth  of  tooth -iV 
I   distance =J  “j  A./' 

AnguJar   ,   I   Addendum ~S addendum^ |   ,/  Dedendum^S-f-A 

==  number  of  teeth. 

=   diametral  pitch. 

==  circular  pitch. 
=   3.1416. 

=   pitch  cone  angle  and  edge 
•   angle. 

==  center  angle. 

==  pitch  diameter. 
=   addendum. 

=   dedendum  (A‘=  clearance). 
==  whole  depth  of  tooth  space. 

—   thickness  of  tooth  at  pitch 
line. 

=   pitch  cone  radius. 
=   width  of  face. 

=   addendum  at  small  end  of 

tooth- 

=   thickness  of  tooth  at  pitch 
line  at  small  end. 

=   addendum  angle. 

=   dedendum  angle. 

=   face  angle. 

=   cutting  angle. 

=   angular  addendum. 

=   outside  diameter  (edge  diameter  for  internal  gears  ). 
=   vertex  distance. 

=   verte.x  distance  at  small  end. 

=   number  of  teeth  for  which  to  select  cutter,  also  called  ‘‘number 

of  teeth  ill  equivalent  spur  gear.” 

Edge  angle  - 

Face  angle  =   cf- ...'T 

le  =   rT.  Adi 

Dedendum  angle  -   jP 

'Addendum  angle  =   Q 



470 AIRCRAFT  ENGINE  DESIGN 

Table  A3-8. — Engineering  Information  Covering  the  Design 

AND  Application  of  Bevel  and  Miter  Gearing. — {Continued) 

oLp.^P/fch  conB 

crngrle  ofp/n/oni^ cx  »   P/ich  cone 

an^Ie  otgectr; 

f/p = Number  offeefh 

in  pint  on,  etc. 

Use  rules  and  formulas  1   to  21  in  order  given. 

No. To  find Rule 
Formula 

1 Pitch-cone  angle 

(or  edge  angle)  of 

pinion 

Divide  the  number  of  teeth 

in  the  pinion  by  the  number 
of  teeth  in  the  gear  to  get 

the  tangent 

N^ 

tan 

rV  g 

2 Pitch-cone  angle 

(or  edge  angle)  of 

gear 

Divide  the  number  of  teeth 

in  the  gear  by  the  number 
of  teeth  in  the  pinion  to  get 

the  tangent 

tan  otg  —   ̂  

3 

1 

Proof  of  calcula- 

tions for  pitch- 
cone  angles 

The  sum  of  the  pitch-cone 

angles  of  the  pinion  and 

gear  equals  90  deg. 
OCp  H—  Oi.g  —   90° 

4 Pitch  diameter Divide  the  number  of  teeth 

by  the  diametral  pitch;  or 

multiply  the  number  of 

teeth  by  the  circular  pitch 

and  divide  by  3.1416 

_   N   NP' 

^   ~   P   ~   V 

5*
 

Addendum Divide  1.0  by  the  diametral 

pitch;  or  multiply  the  circu- 
lar pitch  by  0.318 

q   _  
 10 

S   --jr 

=   0.318P' 6 Dedendum Divide  1.157  by  the  diame- 

tral pitch;  or  multiply  the 

circular  pitch  by  0.368 
.s  +   A   = 

==  0.368P' 
7 Whole  depth  of 

tooth  space 

Divide  2.157  by  the  diame- 

tral pitch;  or  multiply  the 

circular  pitch  by  0,687 

^   p 

==  0.687P' 

*   Nos.  6   to  13  are  the  same  for  both  gear  and  pinion. 
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Table  A3-8.— Engineering  Information  Covering  the  Design 

AND  Application  op  Bevel  and  Miter  Gearing. —   {Continued) 

No. To  find Rule Formula 

8 Thiclcaess  of  tooth 

at  pitch  line 

Divide  1,571  by  the  diame- 

tral pitch;  or  divide  the  cir- 
cular pitch  by  2 

^   1.571
  P’ 

P   2. 

9 Pitch-cone  radius Divide  the  pitch  diameter  by 

twice  the  sine  of  the  pitch- 
cone  angle 

C   -   P 

2   X   sin  <x 

10 Addendum  of 

small  end  of 

tooth 

Subtract  the  width  of  face 

from  the  pitch-cone  radius, 
divide  the  remainder  by  the 

pitch-cone  radius,  and  mul- 

tiply by  the  addendum 

s   =   S   X 

11 Thickness  of  tooth 

at  pitch  line  at 
small  end 

Subtract  the  width  of  face 

from  the  pitch-cone  radius, 
divide  the  remainder  by  the 

pitch-cone  radius,  and  mul- 

tiply by  the  thickness  of 
the  tooth  at  the  pitch  line 

12 Addendum  angle Divide  the  addendum  by  the 

pitch-cone  radius  to  get 
the  tangent 

tan  B   ̂    ~ 
13 Dedendum  angle Divide  the  dedendum  by  the 

pitch-cone  radius  to  get  the 

tangent 

« 

,   ^8  -h  A 

tan  ^ — 

14 Face  angle Subtract  the  sum  of  the 

pitch-cone  and  addendum 
1   angles  from  90  deg. 

5   =   90®  —   («  4-  d) 

15 Cutting  angle Subtract  the  dedendum  angle 

from  the  pitch-cone  angle 

i'-  =   oi  — 

16 
Angular  adden- 
dum 

IMultiply  the  addendum  by 

the  cosine  of  the  pitch-cone 

angle 

K   =   S   X.  cos  <x 

17 Outside  diameter Add  twice  the  angular  ad- 

dendum to  the  pitch  diam- 
eter O   =   D   A-  2A' 

18 Vertex  distance 
Multiply  one-half  the  out- 

side diameter  by  the  tan- 

gent of  the  face  angle 
J   =   ̂   X   tan  5 
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Table  A3-S. — Engineering  Information  Covering  the  Design 

AND  Application  of  Bevel  and  Miter  Gearing. — (Continued) 

No. To  find Rule 

Formula 

19 Vertex  distance  at 

small  end  of 
tooth 

Subtract  the  width  of  face 

from  the  pitch-cone  radius, 
divide  the  remainder  by  the 

pitch-cone  radius,  and  mul- 

tiply by  the  vertex  distance ^   C   -   
F 

3   J   X   ̂  

20 
Number  of  teeth 

for  which  to  se- 
lect cutter 

Divide  the  number  of  teeth 

by  the  cosine  of  the  pitch- 
cone  angle 

N'-  ̂
 

cos  a: 

21 
Proof  of  calcula- 

tions by  rules  9, 

12,  14,  16  and  17 

The  outside  diameter  equals 

twice  the  pitch-cone  radius 

*   multiplied  by  the  cosine  of 
the  face  angle  and  divided 

by  the  cosine  of  the  adden- 
dum angle Q   _2C  X  

 cos  5 

cos  6 

Recommended  Practice  for  Bevel  Gearing 

The  American  Gear  Manufacturers  Association  has  adopted  as  recom- 

mended practice  the  following  rules: 

The  maximum  length  of  face  of  bevel  gears  should  not  be  over  one-third 

of  the  cone  distance  for  gears  up  to  3-in.  pitch  diameter  and  not  over  one^ 

fourth  of  the  cone  distance  for  gears  from  3-  to  20-in.  pitch  diameter,  assum- 

ing that  the  pitch  in  every  case  will  be  in  proper  proportion  to  the  size 

of  the  gears.  A   safe  rule  is  to  make  the  face  lp2  to  2^  times  the  circular 

pitch. 

The  minimum  length  of  bearing  along  the  face  is  to  be  at  least  one-half 

the  length  of  the  face  when  the  gears  are  held  in.  correct  alignment. 

Bevel  gears  with  generated  involute  teeth  of  standard  addendum  having  a 

pressure  angle  of  14,^2  deg.  may  be  used  according  to  the  following  rule: 

Ratio 

1:1 

1 1 2   : 1 
2:1 
3 : 1   and  over 

No.  of  Teeth 

14  and  over 

18  and  over 

19  and  over 

21  and  over 

This  rule  is  given  applying  mainly  to  gears  up  to  20-in.  pitch  diameter 

and  to  average  industrial  machine  design  as  distinguished  from  automobiles. 

Recommended  Practice  for  Backing  Dimensions  of  Bevel  and  Miter  Gears 

The  following  formulas  are  recommended  for  the  calculation  of  backing 
dimensions  of  bevel  and  miter  gears. 
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Table  A3-8. — Engineeriistg  Information"  Covering  the  Design 

ANE  Application-  of  Bevel  ano  Miter  Gearing* — (Continued') 
Bevel  Gears  and  Pinions 

Backing  in  mches  of  pinion 

Backing  in  inches  of  gear 

pitch  diameter  of  gear  X   0.250 

(ratio  of  gear  to  pinion)  -f-  1 

(pitch  diameter  of  gear  X   0.250)  — -   backing 

of  pinion 

Miter  Gears 

Backing  in  inches  of  gear  =   pitch  diameter  X   0.125 

This  does  not  allow  for  set  screws  in  pinions  below  4   in.  pitch  diameter. 

Strength  of  Bevel  and  Miter  Gears 

The  method  for  the  calculation  of  strength  of  bevel  gearing  is  based  on 

the  Lewis  formula  for  the  strength  of  gear  teeth  and  is  practically  the  same 

as  is  used  for  spur  gears. 

The  accompanying  tables  of  rules  and  formulas  for  the  strength  of  bevel 

gears  with  the  tables  “Working  Stresses  Used  in  the  Lewis  Formula  for 

the  Strength  of  Gear  Teeth’'  in  tables  on  Spur  Gearing  give  all  necessary 
data  for  calculating  the  strength  of  bevel  gears. 

The  following  tables  and  formulas  are  based  on  the  use  of  the  diametral 

pitch  of  the  gears,  and  if  the  circular  pitch  is  given  it  should  be  transformed 

into  diametral  pitch  by  dividing  3.1416  by  the  circular  pitch. 

Rules  and  Formulas  for  the  Strength  of  Bevel  Gears 

D   =   pitch  diameter  of  gear,  in. 

R   —   r.p.m. 

V   =   velocity,  ft.  per  min.  at  pitch 
diameter. 

/Si's  ==  allowable  static  unit  stress  for 
material. 

S   =   allowable  unit  stress  for  mate- 

rial at  given  velocity. 

F   =   width  of  face. 

N'  =   number  of  teeth  in  equivalent 

spur  gear  (see  diagram  in  table, 

page  475). 

Y   =   outline  factor  (see  table,  page 
475). 

P   —   diametral  pitch  (if  circular 

pitch  is  given,  divide  3.1416 

by  circular  pitch  to  obtain 
diametral  pitch). 

C   =   pitch-cone  radius, 

ir  “   maximum  safe  tangential  load 

in  pounds  at  pitch  diameter, 

hp.  ==  maximum  safe  horsepower. 
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Tables  A3-8. — Enginesering  Information  Coverinq  the  Design 

AND  Application  op  Bevel  and  Miter  Gearing. — {Continued) 
IJse  rules  and  formulas  1   to  4   in  the  order  given. 

No. To  find Rule 
Formula 

1 Velocity  in  feet  per 

minute  at  the  pitch 

diameter 

Multiply  the  product  of 
the  diameter  in  inches 

and  the  number  of  revo- 

lutions per  minute  by 

0,262 

V   =   0.262DR 

2 Allowable  unit 

stress  at  given 
velocity 

Multiply  the  allowable 
static  stress  by  600^  and 

divide  the  result  by  the 

velocity  in  feet  per  min- 

ute plus.  600 

CT  _   cr  600 

X   ^   y 

3 Maximum  safe  tan- 

gential load  at 

pitch  diameter 

Multiply  together  the 
allowable  stress  for  the 

given  velocity,  the  width 

of  face,  the  tooth  outline 

factor,  and  the  difference 

between  the  pitch-cone 
radius  and  the  width  of 

face;  divide  the  result  by 

the  product  of  the  diame- 

tral pitch  and  the  pitch- 
cone  radius 

,   _   SFY{C  -F) 
!   ̂   EC 

4 Maximum  safe 

horsepower 

Multiply  the  safe  load  at 

the  pitch  line  by  the 

velocity  in  feet  per  min- 
ute, and  divide  the  result 

by  33,000 

,   wv 
33,000 



APPENDIX  3 
475 

Tables  A3-8. — Engineering  Information  Covering  the  Design 

AND  Application  op  Bevel  and  Miter  Gearing. — {Continued) 

Factors  for  Calculating  Strength  of  Bevel  Gears 

Table  of  outline  factors  (}’')  for  14^2 
20  deg.  involute 

N'
 

'   Outline 

factor  =   Y 

A'
 

Outline 

factor  —   Y 

14H 

deg. 

involute 

(std.) 

20  deg. 

involute 

1412 

deg. 

involute 

(std.) 

! 
i 

1   20  deg. 

j   involute 
1 
1 

V> 

r 
12 

0.210 0.245 
27 

0.314 

1   0.349 

13 
0.220 

0.261 
30 

0.320 

I   0.358 

14 
0.226 0.276 

34 

0.327 0.371 15 

0.236 0.289 38 0.336 
!   0.383 16 

0.242 0.295 

•   43 

0.346 0.396 

17 0.251 0.302 

50 

0.352 

0 . 40S 

IS 

0.261 0.308 

60 

0.358 0.421 
19 

0.273 0.314 
75 

0.364 
0 . 434 

20 0.2S3 
0.320 

lOO 

0.371 
0.446 

21 0.289 
0.327 150 

0.377 
0.459 

number  of  teeth 

23 
0   -   295 

0.333 300 
0.383 0.471 iV 

cos  Oi 
25 

j   0.30
5 

1   0.
339 

Rack 0.390 0.484 

End  Thrust  on  Bevel  Gears 

In  designing  bearings  to  be  used  with  bevel  and  miter  gears,  it  is  impor- 
tant to  know  the  end  thrust  exerted  by  the  bevel  gears  and  pinions  so  that 

proper  end-thrust  bearings  may  be  provided. 
The  method  of  calculation  of  end  thrusts  is  as  follows: 

A   =   pressure  angle  of  the  gear  teeth. 

P   —   tooth  pressure  at  middle  of  tooth  face. 

F   ~   separating  force  P   X   tan  A. 

B   —   pitch  angle  of  pinion. 

T   —   thrust  on  pinion  =   P   X   tan  A   X   sin  B. 

Ti  —   thrust  on  gear  —   P   X   tan  A   X   cos  B. 

The  following  table  gives  the  factors  by  which  the  tooth  pressure  is  multi- 

plied to  find  the  thrust,  giving  practically  the  same  values  found  by  solving 

the  formulas  for  2’  and  T i,  given  above. 
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Table  A3-8, — Engineering  Information  Covering  the  Design 

AND  Application  of  Bevel  and  Miter  Gearing. — {Continued) 

Pressure  angle  A 

Gear 

ratio 143^  deg. 
15  deg. 

20  deg. 
22  deg. 

Gear Pinion Gear Pinion Gear 
Pinion Gear Pinion 

1   :1 0.183 0.183 0.189 0.189 

*0.257 

0.257 0.286 0.286 

l}4il 0.215 0.143 0.223 0.148 0.303 0.202 
0.336 0.224 

2   ;1 0.232 0.116 0.239 
0.120 0.325 

0.163 0.361 0.181 

2H:1 0.240 0.096 0.249 0.100 0.338 0.135 0.375 0.150 

3   :1 0.246 0.082 0.254 0.085 0.345 0.115 0.383 
0.128 

3M:1 0.249 0.071 
0.258 

'   0.074 

0.350 0.100 0.389 
0.111 

3^:1 0.250 0.067 0.259 0.069 0.352 0.094 0.390 
0.104 

4   :1 0.251 0.062 0.260 0.065 0.353 0.088 0.392 0.097 

4ii:l 0.253 0.056 0.262 1   0.058 0.355 0.079 0.394 0.087 

5   :1 0.254 0.051 0.263 0.053 0.357 0.072 
0.396 0.080 

5H:1 0.255 0.046 0.264 0.048 0.358 0.065 
0.398 0.072 
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Tajble  A3-9. — Bearing  Boaes  Due  to  Straight  Spur  Gears 

(From  New  Departure  “   Handbook  ’*) 
Bearing  loads  due  to  tangential  and  separating  forces  at  tooth  contact- 

4.  yo  63,025  X   hp.  transmitted  .   , 
Torque  input  =*  Q   — ^ ^   ̂   .   »   lb.  inches. r.p.m.  of  driving  gear 

Tangeatial  force  =   P   =   «   =   to
rque  input  lb-in.  ̂ 

®   r   pitch  radius  of  gear,  in. 

Separating  force  =   /S  =   P   tan  or,  lb.  (a  =*  tooth  pressure  angle) 

L   =   total  load  on  both  shafts  due  to  gears 

Due  to On  bearing  1 
On  bearing  2   ̂ 

On  bearing  3 

I   On  
bearin

g  4 

P Pi  P 

jp  p   ̂
 

Pi  P   ̂
 

i   p   p 
^   A+B 

^   A -hB 

^   C-\-D  ̂  ^   CA-D 

S 
e   —   or  ̂  

S\ — s   -  
 ̂ 

O   —   O   ̂  

^   A+B 

^   A+B 

^   C-bD 

^   C+D 

L 
L   =   ̂Pl-{-S^, 

L^^Pl+Sl 

i5=  V-Pi+'S'; 

Z.4  =   "v/ P^d-iS^ 
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Table  A3-10.- 

Ffsin^^ 

-Bearing  Loads  Dub  to  Straight  Spur  Gears  in 

Train 

(From  New  Departure  “   Handbook '0 
QearNoJ Brg. 

No.2 

COS /S’ 

Bearings  supporting  a 

shaft  having  gears  in  mesh 

with  gears  on  other  shafts 
(as  bearings  3   and  4)  carry 

loads  due  to  both  pairs. 

When  the  shafts  do  not  lie 

in  ■   the  same  plane,  the 

forces  Pi  and  Si  must  be 

divided  so  the  components 

of  each  lie  in  the  same 

plane  as  those  due  to  the 

other  gears- 

_   .   ^   63,025  X   hp.  transmitted  . 

Torque  input  =   «   =   r.p.m.  of  driving  gSaf  ’ 

Tangential  force  (drive  gear  1)  —   Pi  = 

Q torque  input,  lb  .-in. 

7*1  pitch  radius  of  gear,  in. 

plb. 

Separating  force  (drive  gear  1)  =   /Si  =   Pi  tan  oi,  lb.  (a  =   tooth  pressure 
angle) 

Tangential  force  (drive  gear  2)  =   P2  =   Pi  X   ̂   (ra  and  vz  =*  pitch  radii 
of  gears  2   and  3) 

Separating  force  (drive  gear  2)  =   ̂2  =   P2  tan  a 

Bearing  loads 

Due 

to 

Ft 

St 

On  bearing  1 On  bearing  2 
On  bearing  3^ On  bearing  4 

ft 

ZTb A 

F3V  ^   I   P   ̂   j, 

P3U  -   Pi  cos^  c'  -+-  D   4-  P 

l-iV  /-I  sin  ,3  p   ̂    ^ 

P.a-Pioose^_^^^^ 

=   Si  ̂  
S,y 

SzH  -   sm  /3  ̂   ^   ^ 

S4V  Si  cos /S  ̂   ^ 

S4«-Sisinep_j_^_l_^ 

Po 

On  bearing  5 On  bearing  6 

Pg  =   po    

~F  +   G 

S‘z =   'S'-j 

F 

E-
 

*^3.-  c   +   D   -h  P 

0   cr  C   A-  D 

S4.2  -   ̂    ^ 

*   ss=  vertical,  II  =   horizontal. 

Total  load  on  bearing  1   =   ’\/ Pi  -b  /S?,  on  bearing  2   =   \/ P\  +   S\ 

On  bearing  3   =   "xX {P zv  -+-■  Sz,^  —   +   {P hh  +   S-iH  +   Pa. 2)^ 

On  bearing  4   =   •\/  {P^v  +-  S4, 

On  bearing  5   =   “x/ P\  +   8|, 

—   ̂4r)^  ■+■  {P -h  >^4//  4-  P 

on  bearing  6   —   -x/ P\  -H  aSq 
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Table  A3-11. — Bearinq  Loads  Due  to  Planetary  Oearij^g 

(From  New  Departure  ''^Handbook 

When  the  system  employs  two  or  more  planet  gears  (usually  three,  as 
shown  by  dotted  lines  in  diagram),  the  tangential  and  separating  forces, 
due  to  the  input  torque,  counterbalance  each  other  in  so  far  as  they  can 
produce  appreciable  loads  on  bearings  1,  2,  4,  and  5.  However,  bearing  3 
will  be  loaded  because  of  the  torque  transmitted. 

^   hp.  X   63,025  ^   . 
V   =       =   torque  input,  Ib.-m., 

where  hp.  —   horsepower  transmitted 

and  N   =   r.p.m.  of  driving  gear. 

P   ==  ~   —   tangential  force,  in  pounds  of  driving  sun  gear, 

where  r   =   pitch  radius  of  gear,  in. 

S   =   P   tan  or  =   separating  force  in  pounds  of  the  sun  gear, 

where  or  =   tooth  pressure  angle. 

For  three  planet  gears,  the  load  on  each  planet  pin  bearing,  position  3, 

due  to  driving  torque  and  reaction,  will  (with  equally  distributed  torque)  be 

3 

When  torque  is  transmitted  through  a   single  planet  gear,  the  following 

loads  are  produced: 

Bearing  Loads 

Due  to On  bearing  1 On  bearing  2 
On  bear- 
hig  3 

On  bear- 
ing 4 

On  bear- 

ing 5 

P   

p| 

1 
1 

2P^t®
 

2P  ̂  

5   

A   1 

\   JS  ~   =   Si 

D D 

'   4   ^ 

opt’  +«
 

D- 

Total  load   
V/i  +   S'i  j 

P~2.  ~f" 

2F 

D 
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Table  A3-12. — Bearing’  Loads  Due  to 
Plain-  Bevel  Gearing 

(From  New  Departure  ** Handbook”) 

In  the  process  of  determining  bearing  loads  with  this  type  of  gearing,  the 

force  E   normal  to  the  driving  tooth  contact  is  resolved  into  three  forces. 

The  first,  P,  is  directed  vertically,  the  second.  To,  horizontally,  both  in  a 

plane  at  right  angles  to  the'  pinion  shaft,  and  the  third,  Tp,  parallel  to  the 
pinion  axis. 

^   hp.  X   63,025  ^   .   X   • 

Q   =     'll      ~   torque  input,  Ib.-in. 

where  hp.  =   horsepower  transmitted. 

N   ==  r.p.m.  of  pinion. 

Q 
P   =   —   =   tangential^orce 

where  ri  —   mean  pinion  pitch  radius  in^inches  =   3^  (pinion  pitch  diameter 

—   tooth  face  X   sin  angle  /S  being  defined  below. 

mean  gear  pitch  radius 

^   ̂   pninj3er  of  teeth  i
n  gear number  of  teethTiTinnion 

Tg  =   P   tan  O'  cos  ̂    ,=  gear  thrust 

where  cn  ~   tooth  pressure  angle. 

^   =   V2  pinion  pitch  cone  angle. 

—   tan“^  number  of  teeth  in  pinion number  of  teeth  in  gear 

Tp  ==  P   tan  OL  sin  /3  =   pinion  thrust. 
Note  derivation  from  diagram. 
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Table  A3~12. — Bearing  Loads  Due  to  Plain  Bevel  Gearing. — 

{Continued) 
Bearing  Loads 

Due  to On  bearing  1 On  bearing  2 

P   

A   P   r> 
A 

p%  =p. 
A 

rrt      nrt 

-I  G   ̂   —   I   Gt 

Tp  g   =   r,  =   Vi 

T   Q   

^   B 

rp  ̂   A-  B   _rp i 

Tp   

*   fr  -t  Ox 

Tp9  =   U. Total  radial 
load   ■y/Pl  +   (7'ffi  - y/Pl  +   {Tax  -   V.y  =   R~ 

Tp 

Thrust  load   
Total  load   

X/Pf  +   {Tax  -   Cxy X^Rl  +   T% 

Due  to On  bearing On  bearing  4 

P 
p       p 

c 
p   —   P> 

^   C   +   D 

^   C   -hD 

T-    To T’  ̂ 2  _   rr  „   rT ®   *   '1 

^   ̂   C   -b  D 

c   +   o   
"   • 

Tp 

Tb  ̂    —   Tb, 

Total  radial 
load   \/Pl  +   (.Tp^  +   L\r-  =   Rx 

\/pi  +   ii\  -   rP4)= Thrust  load   

To 

Total  load   

V«i  +   T’l +   1^4  —   Tpi)^ 





INDEX 

A 

Accessories,  314,  3 17-3 18 
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Balance,  counterbalancing,  132-142 

in  crankshaft,  types  of,  118—120 
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120-123  m 

unbalanced  rotating  parts,  120  ̂  
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for  conversion  to  radial  equiva- 

lent (table),  407 

field  of  usefulness  for  various 

metals  (table),  389 

main  and  connecting-rod,  S.A.E. 
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418 
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410,  412 
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413,  415 
radial-load  ratings  (tables), 

414,  416 
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for  (graph),  449-451 
C 
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Ca  rb  uret  ors  ,315 
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(table),  421-423 483 
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Centrifugal  force,  unbalanced  rotat- 

ing parts,  120 

Civil  Aeronautics  Authority,  re- 

quirements for  approval  of 

engines,  13 

Combustion  chamber,  203—209 

Commercial  vehicle  engines,  Ameri- 

can (table),  344—385 
Connecting  rod,  articulated,  104 

cap  bolts,  102 
S.A.E.  standard  dimensions  for 

(table),  401 

ends,  102-104 
materials,  105 

shank  stresses,  98—101 

Copper  {see  Alloys) 

Crankcase,  arrangements,  279— 2S4 

materials,  279-284 

Craiikpin,  bearing  loads,  70—72 
relative  (table),  389 

data  (table),  387 

radial-engine  bearing  reactions 

(table),  391 

relative-wear  diagrams,  83—86 

resultant  force  on,  58—70 
rotating  weights  per  crankpin  for 

radial  engines  (graph),  437 

Crankshaft,  balance,  118-120 

bearing  loads,  analysis  of,  58—87 

counterbalancing,  132—142 
dimensions,  72 

American  engines  (table),  390 

flexibility  of  in  torsion,  113—118 

in-line,  72-74 
main  bearing  data  (table),  388 

parts  details,  145—146 

radial-engine,  74—75 
resultant  forces  on  main  bearings, 

76-83 

V-engine,  72-74 
main  bearing  data  (table),  388 

Crankshaft  balance,  types  of,  118— 
120 

Cylinder,  baffles,  181—194 

barrel,  177-181 

combustion  chamber,  203-209 

cooling-fins,  181—194 
dimensions  (graph),  439 

Cylinder,  functions,  173 
materials,  176 

reciprocating  weight— cylinder  di- 
ameter data  (graph),  437 

reciprocating  weight— cylinder  dis- 
placement data  (graph),  436 

types,  174-176 

C 

Design,  formulation  of  project, 
14-15 

preparation  of  data  and  drawings, 

21-25 

specifications,  prelipiinary,  15-21 

E 

Engines,  American  aircraft  (table), 
322-329 

relation  of  cruising  to  take-off 
power  and  r.p.m.  (table),  395 

American  stock,  marine,  and  com- 

mercial vehicle  (table),  344— 

385 
balance,  112 

basic  requirements  and  limita- 

tions, 1—12 
Curtiss  V-1570,  Conqueror,  char- 

acteristics and  dimensions 

(table),  392-393 
design  data  and  drawings,  21—25 
effect  of  mean  gas  velocity  through 

inlet  valve  on  rated  b.m.e.p. 

(graph),  439 
ferrous  metals  used  in  (table), 

452-453 

foreign  airplane  (table),  330—341 
government  requirements,  13 

mechanical  efficiencies  at  full 

throttle  (graph),  436 

multicylinder,  reciprocating  bal- 

ance in,  123-133 
nonferrous  metals  used  in  (table), 

454-455 

parts,  copper  alloys  for  (table), 
457-459 

specifications  (tal)lc),  456 
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Engines,  radial,  rotating  weights  per 

crankpin  (graph),  437 

reciprocating  weight-cylinder  di- 

ameter data  (graph),  437' 

reciprocating  weight-displacement 

data  (graph),  436 

rotating  and  reciprocating  weights 

in  (table),  386 

specifications,,  preliminary^,  15—21 

torque,  variation  in,  112 

Wright  R,-1750  Cyclone,  char- 
acteristics and  dimensions 

(table),  393-394 

Ferrous  metals,  in  engine  construc- 

tion (table),  452-453 

Force  {see  Centrifugal  force;  Gas- 

pressure  force;  Inertia  force; 

Resultant  force) 

Fuel  pumps,  315 

mounting  pads  (table),  427 

G 

Gas-pressure  forces,  crank-angle  dia- 

grams, 32—35 
in  cylinder,  26 

indicator  |3ard,  26—32 
Gearing,  bevel,  bearing  loads  (table ), 

480 

bevel  and  miter,  design  and  appli- 

cation of  (table),  469—476 

compound  epicyclic  (table),  467— 
468 

planetary,  bearing  loads  (table), 
479 

simple  epicyclic  (table),  465—466 

Gears,  internal  (table),  464 

involute,  standard  14)2“  and 

20-deg.  (talkie),  462 

propeller  reduction,  146—170 

special,  1   65 

spur,  bearing  loads  (table),  477 

tooth  parts  defined  (table),  461 

spur,  in  train,  bearing  loads 

(table),  478 

Gears,  stub-tooth  (table),  463 

valve,  212—276 

Generators,  31  (>-31 7 

single  voltage  (table),  434 

H 

Harmonic  analysis,  defined,  117 

I 

Indicator  card,  gas  pressure,  26—32 

Inertia  force,  due  to  reciprocating 

parts,  36,  46—48 
reciprocating,  in  unbalanced  parts, 120 

K 

Knuckle  pins,  97— 9S 

L 

Link  pins,  97-9S 

Link  rod,  aircraft-engine  data  (ta- 

ble), 402 

Lubrication,  oil  pumps,  285— 2S7 

INI 

klagnesium  {see  Alloys) 

Magneto,  316—317 
mount irig-fiange  data  (table  ),  429 

selection,  (table),  42S 

Marine  engines,  American  (table), 

344-385 

K 

Nonferrous  metals,  for  engine  con- 

struction (table),  454—455 

G 

Gil  pumps,  285-2S7 

P 

Piston,  aircraft-taigine  <lata  (table), 

395-396 
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Piston,  dimensions,  90-93 

functions,  88-89 

materials,  89-90 

velocity  and  acceleration,  36-*43 

for  articulated  rods,  43—46 

Piston  pin,  94—97 
aircraft-engine  data  (table),  397 

Piston  ring,  93—94 

aircraft-engine  data  (table),  397 

joints  and  drain  holes  (table),  400 

radial  wall  thickness  and  groove 

diameters  (table),  399 

ring  and  groove  widths  (table), 
398 

widths  for  cylinder  diameters 

(table),  398 

Power,  sources  of,  for  aircraft,  1 

Propeller,  hubs  and  shaft  ends, 

spline  type  (table),  403 

taper  type  (table),  404 
S-A.E-  shaft  sizes  vs.  rated  brake 

horsepower  (graph),  438 

Propeller  reduction  gear,  bearing 

loads,  165-167 

dimensions,  151—165 

materials,  151—165 

reaction-torque  measurements, 
167-168 

thrust  bearings,  168—170 
Pumps,  fuel,  315 

mounting  pads  (table),  427 

lubricating  oil,  285-287 

R 

Reciprocating  parts,  design,  88—109 

unbalanced,  120-123 
Reduction  gearing  (see  Propeller 

reduction  gear) 

Resultant  force,  on  crankpin,  58—70 

on  main  bearings,  76-83 

Rotating  parts,  unbalanced,  120 

S 

Splines,  for  soft  broached  holes  in 

fittings  (table),  405 

Starters,  316—317 
aircraft  engine  (table),  430—432 
motor  mountings  (table),  433 

Steel,  S.A.E.  nurnbering  system 

(table),' 445-446 Supercharger,  drives,  312—314 

functions,  288—290 

power  requirements,  290—311 

T 

Tachometer,  317 

Tachometer  drive,  aircraft  (table), 
435 

Timing,  valve,  215—221 

Torque,  48-57 
engine,  variation  in,  112 

V 

Valve  gear,  arrangement,  212—215 

cams  and  followers,  222—267 

design  details,  264—267 

hollow  faced,  236—241 

loads,  255—264 
mushroom,  231-236 

for  radial  engines,  241-249 

ramps  for,  249—251 

spacing  of,  251—255 

tangent,  222—230 
design  details,  276 

push  rods,  267-268 
rocker  arms,  267—368 

springs,  269—276 
timing,  215—221 

Valves,  breathing  capacity  and  size, 

196-203 

materials,  195—196 

requirements,  195—196 
Vibration,  fundamental  nature  of, 

110-112 

major  causes  in  engine,  112—123 

W 

Wrist  pills,'  94—97 


